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Abstract 
 
The biocidal agent Free Nitrous Acid (FNA) exerts a broad antimicrobial 
effect on bacteria, although susceptibility to FNA varies considerably among the 
microorganisms that have been studied. This has led to its usage in a broad 
range of applications for wastewater treatment processes (WWTP), such as the 
control of microbially induced sewer corrosion to enhanced biodegradability of 
activated sludge as well as achieving reduced N2O production in the activated 
sludge process. Once inside the cell FNA dissociates to form various reactive 
nitrogen and oxygen species (RNS and ROS) that have been speculated to 
enhance the toxicity of FNA although the chemistry of how this happens has not 
been well characterised. These free radicals can cause direct oxidative damage 
to cellular proteins, membrane and wall components, and nucleic acids. 
Furthermore, FNA has been hypothesised to act as a protonophore by collapsing 
the proton membrane potential and thereby inhibiting ATP production. 
 
Among nitrifiers found in activated sludge of wastewater treatment 
processes (WWTP), nitrite oxidising bacteria (NOB) are more susceptible to FNA 
compared to ammonia oxidising bacteria (AOB). However, the molecular 
mechanisms governing this atypical tolerance of AOB to FNA are yet to be 
understood. The sensitivity of NOB to FNA is unexpected, as the NOB population 
generally has more genes that code for nitrite detoxification enzymes compared 
to AOB.  
 
I hypothesise that AOB uses a potent innate stress response mechanism 
different to known nitrite detoxification pathways for persistence to FNA. The lack 
of persistence mechanisms within NOB to FNA treatment is hypothesised to be 
due to a lack of an innate, robust stress response mechanism. Additionally, it is 
hypothesised that FNA targets multiple sites within a microorganism possibly 
through reactive intermediates.  
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This thesis studied the varying effects of the antimicrobial FNA on 
activated sludge mixed cultures containing AOB and NOB using an integrated 
metagenomics and label free quantitative metaproteomic approach. My research 
shows evidence that FNA exhibits a strong oxidative stress response on bacteria. 
The Nitrosomonas genus of AOB on exposure to high levels of FNA maintains 
internal homeostasis by upregulating a number of known oxidative stress 
enzymes such as pteridine reductase, S-adenosylmethionine synthase and 
cytochrome c551 peroxidases. The denitrifying enzyme nitrite reductase was also 
upregulated on exposure to FNA, suggesting the detoxification of nitrite to nitric 
oxide. Additionally enzymes involved in energy generation were upregulated on 
FNA exposure suggesting a higher energy requirement within Nitrosomonas to 
detoxify FNA. The heightened expression of DNA and protein repair enzymes 
provided evidence for FNA damage on DNA and proteins. Interestingly phage 
prevention proteins, which are associated with the activation of temperate phage 
were also upregulated suggesting an active suppression of lysis within 
Nitrosomonas. Reduction in iron bioavailability within Nitrosomonas was 
observed after exposure to FNA. Nitrosomonas coped with the lack of internal 
cellular iron by upregulating iron transport proteins such as the ABC iron 
transporter and siderophore transport proteins.  
 
On the other hand the Nitrobacter genus of NOB was observed to have 
very poor stress response mechanisms to FNA toxicity, compared to 
Nitrosomonas. Limited proteins with oxidative stress functions were detected. Of 
the 9 proteins detected with known antioxidant functions, all of them were 
downregulated on exposure to increasing FNA concentration. Additionally, DNA 
and protein repair enzymes were not upregulated on exposure to FNA. Pathways 
involved in ATP generation were downregulated on FNA exposure. Proteins that 
are involved in ion/small molecule transport across the cell membrane were 
upregulated on exposure to FNA, suggesting strongly that FNA caused osmotic 
stress within Nitrobacter. In addition, enzymes involved in biofilm formation within 
Nitrobacter were downregulated on exposure to increasing FNA concentration 
suggesting a poor stress response by Nitrobacter. 
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Overall findings from this thesis improved our understanding of 
mechanism of FNA action on bacteria in general and nitrifiers in particular. This 
thesis clearly underpins the mechanisms of persistence within the AOB 
Nitrosomonas that allow it to grow at high concentrations of FNA. Additionally, the 
sensitivity of NOB Nitrobacter to FNA was attributed to a poor stress response. 
This knowledge contributes positively towards the applications of FNA in 
sustainably improving the nitrogen removal process in WWTP, particularly 
nitrogen removal using the activated sludge process.  
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Chapter 1 Motivation 
 
 Studies on bacteria show that the protonated form of nitrite i.e. HNO2, 
better known as free nitrous acid (FNA), is a strong biocide [1]. Additionally, FNA 
is seen to have broad bacteriocidal and biocidal effects on an array of 
microorganisms, which has led to its use in a range of applications for 
wastewater treatment processes (WWTP) which includes the control of 
microbially induced sewer corrosion, to enhancing the biodegradability of 
activated sludge that results in achieving reduced N2O production in the activated 
sludge process [2-8]. It is speculated that once inside the cell, FNA dissociates to 
form various reactive nitrogen species (RNS) and reactive oxygen species 
(ROS), which is speculated to enhance the toxicity of FNA. However, the 
chemistry of these reactions is not well characterised [9]. These reactive species 
can cause direct oxidative damage to cellular proteins, cell membrane, cell wall 
components and to nucleic acids. FNA is also thought to act as a protonophore 
by collapsing the proton membrane potential, and thereby inhibiting ATP 
production [10]. Further application of FNA for control of microbial growth and 
activity would benefit from improved understanding of how it causes toxicity to 
various microorganisms. I hypothesize that FNA mediates a multipronged 
mechanism of toxicity on cells, targeting different cellular constituents thereby 
enabling it to be a strong biocide.  
 
  Transcriptomic investigations have been conducted on Pseudomonas 
aeruginosa (PAO1) and Desulfovibrio vulgaris (Hildenborough) to determine the 
toxic mechanisms of FNA [4, 5]. Studies on PAO1 showed that FNA at 5.0 mg/L 
FNA-N caused cell death [11]. At low concentrations of FNA i.e. 0.1 mg/L FNA-N, 
it caused inhibition of cellular respiration that forced PAO1 to re-route its carbon 
metabolic pathway from the tricarboxylic acid (TCA) cycle to the pyruvate 
fermentation pathway. Inhibition of protein synthesis and inactivation of ribosome 
components was also evident [5]. In the bacterium D. vulgaris, FNA caused 
increased expression of genes coding for oxidative stress enzymes, indicating 
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that FNA caused oxidative stress as well as decreased anaerobic respiration and 
a shut down of protein synthesis [4]. 
  
 In wastewater treatment processes (WWTP), the removal of nitrogen is 
carried out via the use of the activated sludge process, achieved by the combined 
action of nitrifying and denitrifying bacteria in a multi-step process. Ammonium is 
initially converted to nitrite, by the ammonia-oxidising bacteria (AOB), and then 
nitrite is converted to nitrate by the nitrite-oxidising bacteria (NOB). Denitrifying 
bacteria consequently reduces nitrite and nitrate to nitrogen gas [12-14]. The 
most commonly found AOB in activated sludge belongs to the Nitrosomonas 
genera and the dominant NOB genera in activated sludge are Nitrobacter and 
Nitrospira. Interestingly, studies on activated sludge systems show that NOB 
species are more sensitive to FNA than AOB [10, 15, 16].  
 
AOBs are known to have a higher tolerance to FNA compared to NOBs. 
The AOB genus Nitrosomonas have been known to grow at FNA concentrations 
of upto 3.64 mg/L compared to Nitrobacter sp which are able to grow at FNA 
concentrations lower than 0.05 mg/L FNA-N [1, 17]. Studies on ammonia starved 
Nitrosomonas europaea stimulated the ammonia oxidation activity five-fold on 
exposure to nitrite and fresh ammonium [18]. This study however seems to 
contradict previous studies on N.europaea that showed concentration dependent 
nitrite inhibition on ammonia oxidation [17]. FNA concentrations greater than 1.5 
mg/L FNA-N have shown to inhibit selectively the NOB population [15]. 
Additionally, a recent study on activated sludge; the growth of NOB was 
selectively inhibited over AOB with FNA at 1.8 mg/L FNA-N [15, 19]. Fortuitously, 
this phenomenon could benefit nitrogen removal in WWTP, as the suppression of 
NOB results in ‘partial nitritation’ where nitrite is formed instead of nitrate. This 
suppression of NOB can lead to high economic and operational benefits for 
WWTP, due to the decreased oxygen demand for nitrification, less organic 
carbon required for denitrification and potentially reduced N2O emissions [6]. 
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Despite the range of applications of FNA in WWTP, there is limited 
understanding of the increased tolerance of AOB over NOB to the biocide. The 
difference in the level of FNA/nitrite tolerance in AOBs and NOBs is unexpected 
as NOBs are expected to have a higher tolerance to FNA/nitrite because of their 
innate capacity to convert nitrite to nitrate, a less toxic by product sparing itself 
the consequences of the toxicity induced by nitrite. NOBs, such as Nitrobacter 
winogradskyi have two additional pathways to remove toxic nitrite build up 
compared to AOB, as shown in Figure 1.1. AOB and NOB both have the nitrite 
detoxifying gene nitrite reductase (nirK) that converts nitrite to nitric oxide (NO) 
[20]. The nitrite reductase (nirBD) and nitrite oxidoreductase (norA/B) genes, 
present exclusively in NOB convert nitrite to ammonia and nitrate, thereby 
detoxifying toxic nitrite. Although AOBs such as Nitrosomonas europaea have 
only one metabolic pathway to get rid of nitrite via the nitrifier denitrification 
pathway (nirK), it possesses an additional nitric oxide reductase gene (norBC) 
that converts nitric oxide to nitrous oxide [21]. The limited numbers of nitrite 
detoxifying pathways in AOB are contrary to its known FNA tolerance. 
 
Figure 1.1. Typical pathways for nitrogen transformation within AOBs and NOBs. 
AOB have exclusively one pathway for nitrite detoxification whereas NOB 
typically have 3 pathways.  amo: ammonia monoxygenase, hao: hydroxylamine 
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reductase, nirK: nitrite reductase, nor: nitric oxide reductase, norA/B: nitrite 
oxidoreductase.  
N.europaea showed elevated expression of nirK and norBC, potentially 
promoting the utilization of nitrite as an electron acceptor thereby detoxifying 
nitrite [22]. Gene expression investigations on 4 functional genes involved in 
nitrogen metabolism, i.e. amoA, hao, nirK and norB were carried out on three 
AOBs i.e. Nitrosomonas europaea ATCC 19718. Nitrosospira multiformis ATCC 
25196 and Nitrosomonas eutropha C-91 on exposure to increasing 
concentrations of nitrite showed varied results. The gene expression of norB did 
not change in any of the AOBs studied, but the expression of nirK increased in 
N.europaea alone. The amoA gene expression levels dropped significantly in 
N.multiformis and the expression of norB in N. eutropha and N. europaea and 
reduced significantly on increasing nitrite concentration [23]. N.europaea 
probably has more innate tolerance to nitrite toxicity than the other AOBs studied. 
However, these studies did not look into the expression of other genes that could 
potentially be involved in regulating nitrite/FNA toxicity, such as oxidative stress 
enzymes. 
 
 Most AOBs, like other aerobic microorganisms, possess ubiquitous genes 
that code for the key oxidative stress enzymes catalase and superoxide 
dismutase (SOD). However, some NOB species like Nitrobacter winogradskyi do 
not posses genes coding for the enzymes catalase. These key enzymes that are 
involved in coping directly with harmful compounds, such as ROS and RNS. The 
presence of SOD and catalase in AOB may be part of a sub-lethal stress 
response mechanism in AOBs when exposed to harmful ROS and RNS species 
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 SOD and catalase work in tandem wherein reactive hydrogen peroxide 
(H2O2), the product from SOD action gets converted to oxygen and water by 
catalase activity. The lack of catalase enzyme in NOB could potentially leads to 
the build up of toxic hydrogen peroxide, which can enhance the effect of FNA, 
induced oxidative stress resulting in the increase of ROS activity further impairing 
an already struggling cell.  
 
 To date, there is no clear understanding of the underlying mechanisms 
that govern this tolerance to FNA compared to NOB. Studies investigating the 
global responses of AOB to various stress conditions are sparse and have been 
limited to studying iron stress, toxic zinc exposure, starvation and oxidative stress 
induced by hydrogen peroxide [26-29]. In this thesis, I investigate the reasons for 
the exceptional tolerance of AOB to FNA, as well the molecular mechanisms that 
govern the sensitivity of NOB to FNA. For these investigations, I adopted a “multi-
omic” approach using metagenomics and a label free quantitative metaproteomic 
approach, known as called sequential windowed acquisition of all theoretical 
fragment ion mass spectra (SWATH-MS) [30].  
 
 In this thesis, I studied the mode of action of FNA on AOB and NOB in an 
activated sludge system. Investigations were not carried out on pure cultures of 
AOB and NOB as mixed culture communities of AOB and NOB derived from 
WWTP would be more environmentally significant for potential applications, if any 
that arise out of the study. Additionally, pure cultures of AOB and NOB have been 
derived from environments such as soil and oceans, which may not be 
representative of those found in the nitrogen removal process of WWTP. I 
hypothesise that the toxicity of FNA is due ability to act on many sites within a 
microorganism. Additionally, I hypothesise that AOB has a number of innate 
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Chapter 2 Literature review 
2.1. Biocides 
 
 The term “biocide” is used to describe a substance of chemical or 
biological origin that is used to control the growth of microorganisms. It is a term 
commonly applied to bactericides, microbicides, sanitizers, antiseptics and 
disinfectants, all of which can kill bacteria [31]. The European Union (EU) defines 
biocides as “active substances and preparation containing one or more active 
substances, put up in the form in which they are supplied to the user, intended to 
destroy, deter, render harmless, prevent the action of or otherwise exert a 
controlling effect on any harmful organism by chemical or biological means” [32]. 
Biocides may exert a bacteriostatic or bactericidal effect on microorganisms. The 
suppression of microbial growth that is reversible upon the removal or 
neutralisation of the antimicrobial is generally referred to as bacteriostatic effects. 
Bacteriostatic effects could include reversible enzyme reactions or changes on 
the selective permeable membrane. On the other hand bactericidal effects are 
thought to cause cell death through irreversible damages on the cell’s structure or 
function. Examples of bactericidal effects could include structural damage or 
autolysis of the microorganism [33].  
 
 Humans for centuries have taken advantage of biocides to control the 
growth of microorganisms in their environment. Biocides such as iodine have 
been used as wound disinfectants for centuries. Surgeries as far back as the 19th 
century saw the use of antiseptic biocides like chlorine water, wood, coal and 
pure phenol solutions. Biocides such phenol, formalin, povidone-iodine, and 
sodium hypochlorite are been used in hospitals. Metal salts of copper, 
magnesium, mercury, tellurium, arsenic and gold have been used for treating 
infectious diseases like leprosy, tuberculosis, gonorrhea and syphilis [34, 35]. In 
the food industry chemicals such as nitrite have been used for centuries as meat 
preservatives.  
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 Today biocides are used in a wide range of applications from medical 
science, food packaging to wood preservation, the paint industry and the water 
treatment industry [36, 37]. The commonly used biocides in hospitals include 
benzalkonium chloride, chlorhexidine gluconate and triclosan [38]. Biocides used 
in modern food packaging industry include benomyl and imazalil [39]. In the water 
industry, biocides find use in a number of applications from the control of 
biofouling on reverse osmosis membranes to the improvement of wastewater 
treatment processes. Some of the biocides used in the water industry include 
isothiazolone, chloramines, nitrite, and free nitrous acid (FNA) [10, 40].  
 
 Studies investigating the mechanisms of action of biocides have been 
primarily focused on bacteria, whereas the biocidal action on other 
microorganisms, such as fungi, viruses and protozoa, have been sparse [41]. 
Within bacteria, biocides are thought to act on 3 main sites: i.e. the outer cellular 
components (cell wall), the cytoplasmic membrane (lipid bilayer) and the 
cytoplasmic constituents (nucleic acid and proteins) [42]. The initial site of action 
of a biocide can vary, depending on whether the bacterium is gram-negative or 
gram-positive. Gram-positive bacteria have an additional peptidoglycan layer that 
may act as a supplementary barrier to antimicrobial penetration, as it restricts the 
passage of molecules that are less than 600Da, as shown in Figure 2.1. [33, 34, 
43, 44]. Gram-negative bacteria on the other hand have a lipopolysaccharide 
(LPS) layer (Figure 2.1.) that may act as a supplementary barrier to antimicrobial 
penetration. Biocides have been shown to damage the lipid bilayer of the 
cytoplasmic membrane [42]. Certain low molecular weight biocides such as FNA 
can, however, passively diffuse into the cell, as previously studied in 
Pseudomonas aeruginosa PAO1 and sulfate reducing bacteria (SRB) [5, 45]. 
Once inside the microorganism, the antimicrobial acts locally on cytoplasmic 
constituents, such as proteins or nucleic acid [33, 46]. Certain spore forming 
bacteria may have an additional resistant multilayered shell that may serve as a 
barrier to biocide action [47]. Biocides that act on fungi are known to interfere with 
the respiration process and are powerful inhibitors of spore formation [48]. 
Viricidal activity of biocides has not been well studied, however biocide efficacy in 
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viruses is dependent on whether the viruses are enveloped or not as shown in 
Figure 2.1.[49].  
 
 
Figure 2.1. Biocides act on the surface of cells as well as internally on the 
cellular components of the cell as illustrated in the 4 major groups of 
microorganisms i.e. viruses, fungus, gram negative and positive bacteria.  
 
2.1.1. Efficacy of biocides:  
 
 The most prominent tests used to determine the efficacy of biocides are 
the minimum inhibitory concentration (MIC) and the minimum bactericidal 
concentration (MBC). The MIC is defined as the lowest concentration that will 
prevent the visible growth of an organism after overnight incubation, whereas the 
MBC is a measurement of the lowest concentration needed to kill a particular 
Virus
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bacterium [50]. Such methodologies may not serve as ideal standards for biocidal 
action, as they do not take into account the log reduction of live microorganisms. 
A more effective way of determining the efficacy of biocides is to determine the 
decimal reduction time of a biocide (D-value test) [51]. The D-value is the time 
taken by a biocide to kill a population of microorganisms by 90% and serves as 
an important parameter in measuring the biocide’s disinfection efficacy. The 
European Union’s (EU) standard requires a 5-log reduction in bacterial numbers 
to demonstrate the usage of a biocide [52]. The efficacy of biocide action is also 
highly dependent on a number of biological and environmental factors such as 
endospore and biofilm formation, pH, temperature, contact time, presence of 
organic materials and moisture content [53].  Thus, it is also important to 
determine the optimal conditions for antimicrobial activity of a particular biocide 
on the environment to which it is to be applied.   
 
2.1.3. Mechanisms that confer resistance to biocides:  
 
 Microorganisms have a remarkable ability to adapt, evolve and survive by 
developing resistance to biocidal compounds. The development of antimicrobial 
resistance (AMR) within bacteria can be attributed to a variety of reasons such as 
improper application, the usage of a lower concentration than recommended, the 
application of shorter contact time or the use of an incorrect regimen [37]. 
Extended periods of antimicrobial application have also been reported to confer 
tolerance to persistent microbes especially those that preferentially grow in 
biofilms [36, 54, 55]. This has led organisations like the World Health 
Organisation (WHO) and the EU to develop guidelines for the regulation of 
antimicrobial biocides as well as the monitoring and collection of information on 
AMR [56-58]. Biocides compared to antibiotics have multiple sites of action and 
as such it is difficult for microbes to develop resistance. However, an increasing 
body of evidence from in vitro studies seem to suggest that bacteria have an 
large capacity to respond to chemical stress brought about by biocides [59]. 
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Microbial resistance to a biocide could be caused due to intrinsic or 
extrinsic mechanisms, as shown in Table 2.1. Intrinsic resistance often leads to 
the formation of persistent microbial populations [60]. Some of the underlying 
mechanisms include natural phenotypic adaptation such as biofilm growth, the 
modulation of efflux pumps, the inactivation of biocides, the decrease in 
metabolism, the formation of biofilm and the activation of the SOS response as 
shown in Table 2.1. [61-65]. I hypothesize that AOB is able to persist in 
environments of high FNA concentration due to the intrinsic cellular mechanisms. 
Extrinsic resistance on the other hand primarily relies on horizontal gene transfer 
[66, 67]. Another method of conferring AMR to a microorganism is through cross-
resistance. Cross resistance has been contentious among scientists studying 
AMR, as some studies support the hypothesis while other studies refute the idea 
completely [68-72]. The presence of antimicrobials in the natural and engineered 
environments contributes to the selection of resistance genes that can directly or 
indirectly select for antimicrobial resistance genes (ARGs) [73]. Cross-resistance 
is the acquisition of tolerance to an antimicrobial as a result of direct exposure to 
another antimicrobial. A study carried out on methicillin-resistant Staphylococcus 
aureus (MRSA) strains trained to be resistant to quaternary ammonium 
compounds (QACs) showed resistance to several β- lactam antibiotics confirming 
cross-resistance in bacteria [68]. However, no evidence of cross-resistance was 
observed between vancomycin resistant and sensitive strains of Enterococci to 
hospital disinfectants such as QACs and phenolics [74]. Cross-resistance is 
extrinsically acquired from other resistant bacteria by the incorporation of R-
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Table 2.1. Intrinsic and extrinsic mechanisms that confer resistance to biocides.  
Resistance 
mechanism 







Phenotypic adaptation Biofilm growth.  
Endospore formation 
[63-65, 76, 77] 
Modulation of efflux 
pumps/porin proteins 
Higher expressions of 
efflux pump genes. 
Loss of porin proteins 
[34, 78, 79] 







Activation of DNA repair 
mechanisms (e.g. SOS repair)  
Enhanced DNA repair [84, 86] 
Target alterations Mutation on the biocide 












2.2. Free Nitrous Acid (FNA) 
 
 FNA, the protonated or acidified form of nitrite is a biocide that causes 
severe inhibition on microorganisms [1] [10]. In ppb (parts per billion) levels, FNA 
is known to have inhibitory effects on both the anabolic and catabolic processes 
of a broad range of microorganisms, whereas in ppm (parts per million) levels 
FNA is known to induce cell death and biofilm detachment [96, 97].  Clinically 
important microorganisms such as Streptococcus pyrogenes, Trichophyton 
mentagrophytes, T. rubrum, Candida albicans and Propionibacterium acnes are 
found to be sensitive to FNA [98]. Additonally, FNA is found to kill methicillin- 
resistant Staphylococus aureus (MRSA) in open wounds [99]. FNA, because of 
its strong biostatic and biocidal activity has also been applied to a number of 
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processes in the wastewater treatment processes (WWTP). FNA is known to 
inhibit the growth of denitrifiers such as Pseudomonas fluorescens at 
concentrations of around 0.066 mg FNA-N/L, decreasing carbon consumption 
costs in the CANON (Completely Autotrophic Nitrogen Removal over Nitrite) 
process of nitrogen removal [100]. Microbially induced sewer corrosion caused by 
anaerobic sewer biofilms have been seen to be strongly inhibited by the 
application of free nitrous acid (FNA)[7]. Studies demonstrate that the use of FNA 
alongside H2O2 is a cost-effective method to control sulfide production in sewers 
preventing sulfide-induced corrosion of the sewer pipes [101]. FNA was also 
found to be effective in increasing the biodegradability, as well as enhanced 
methane production from waste activated sludge [102]. NOBs are known to be 
sensitive to FNA by at least one order of magnitude compared to AOBs. This 
knowledge was applied in achieving partial nitrification of activated sludge by 
treating the sludge to FNA concentrations of around 0.24-1.35mg/L FNA-N. This 
removed 80% of the NOB population and thereby reduced O2 and carbon needed 
for further steps. An overview of the studies carried out on wastewater 
microorganism have are shown in the Table 2.2.  
 
 FNA is thought to exhibit its biocidal effects by passively diffusing through 
the cell membrane and thereby acting as a protonophore altering the intracellular 
pH, thereby decoupling the proton motive force and inhibiting ATP production 
[103]. It has also been suggested that FNA might inhibit or inactivate the function 
of cellular enzymes as well as induce damage on DNA and lipids via their RNS 
and ROS intermediates [96, 104, 105]. Studies on PAO1 showed the activation of 
bacteriophage genes on nitric oxide (an FNA by-product) exposure signifying 
phage mediated lysis [106]. FNA has been also thought to inactivate cellular 
enzymes by direct damage or by the reduction of bioavailable cellular iron 
needed for normal enzyme function [107]. Additionally FNA exposure on pure 
PAO1 and Desulfovibrio vulgaris Hildenbourough showed the multifaceted action 
of FNA as represented in 2.2. [11, 45].  
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Figure 2.2. An overview of the suggested multifaceted biocidal action of FNA on 
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2.2.1. Free Nitrous acid: Chemistry 
  
 Free nitrous acid is a weak monobasic acid with a pKa value of 3.37, known 
to exist only in solution as shown in Figure 2.3. FNA is known to be stable at pH ≥ 5 





Figure 2.3. Chemical structure of FNA (with available electrons).   
 
  The FNA concentration can be determined based on pH, temperature and 
nitrite concentration as shown in equation (i) [108]. FNA is formed as shown in 
equation (ii) in acidic conditions. FNA in acidic conditions is though to decompose as 
shown in equation (iii) to (v) leading to the formation of a number of reactive nitrogen 
compounds [122].  
 
………………..….….. eq(i) 
 NO!!  +   H!   ⟺    HONO  (pKa= 3.37) …………………………….………..eq(ii) 
 2HONO      ⟺      H!O  +   N!O!……………………………………….……..eq(iii) 
 N!O!        ⟺      NO• +  NO!• ………………………………………………….eq(iv) 
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Reactive Nitrogen Species: 
 Nitric oxide (NO• ): is a free radical formed from the reversible dissociation of 
FNA in equation (iii). It can react with oxygen species producing a range of RNS as 
shown in Figure 2.4. These RNS can target a host of cellular functions including the 
inactivation of enzymes and lipid peroxidation. Nitric oxide is known to interact with 
DNA, leading to nitrosative deamination of guanine and cytosine bases and inhibition 
of DNA repair elements [123]. 
 
Figure 2.4. Reactive nitrogen species formed from Nitric oxide [10].   
 
Other RNS such as the nitrosonium ion are known to interact with reduced 
thiols (RSH) or secondary amines (RR’NH) on proteins to form nitrosothiols (RSNO) 
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2.3. Multi-omic approaches for determining the action of biocides:  
 
 Current methods used in determining the mechanism of action of a biocidal 
agent include in vitro studies on cellular components like peptidoglycan, proteins, 
DNA and membrane [125]. Other methods include uptake/exclusion studies, 
changes in surface hydrophobicity, outer membrane fatty acid profile, changes in cell 
membrane permeability, and the use of microscopic techniques. Various 
physiological assays such as measuring microbial respiration, ATP synthesis, cell 
viability, intracellular thiols, and the inhibition of alcohol dehydrogenase have been 
used as a starting point in determining the mode of action of a biocide [126]. These 
methods give a rough estimation of the mechanism of action of a biocide but lack a 
detailed and in depth understanding of the mechanism of action of the biocide. 
Additionally, it is experimentally challenging to verify the formation of damaging ROS 
and RNS that result from biocidal action, due to their very short half-lives [127]. The 
task of determining the mechanism of action of an antimicrobial in an environmental 
setting where numerous microorganisms exist requires robust and high throughput 
methods. The exponential growth of culture independent methods over the past 
decade has led to deeper insights into microorganisms and their role in natural and 
engineered systems. Culture independent methods used in microbiome studies are 
collectively referred to as “omic” techniques, and can be applied to study 
microorganisms in pure culture as well as in mixed cultures derived from different 
environments. They “omic” techniques include metagenomics (DNA), 
metatranscriptomics (RNA), metaproteomics (protein) and metabolomics (small 
molecules/metabolites) [128]. The integration of these “omic” techniques into a 
“multi-omic” fashion will allow for the generation of a complete picture of biocidal 
action on microbial communities.  
 
2.3.1. Metagenomics 
 Metagenomics is the direct genetic analysis of the collective genomes 
contained in the environment (natural or engineered) using culture independent 
methods [129, 130]. The decreasing cost of next-generation sequencing (NGS) 
platforms has arguably placed metagenomics as the fastest growing field of 
microbiology [131]. It is estimated that more than 99% of the microorganisms present 
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in the natural environments are not readily culturable [132]. The diversity of the 
microbial community within an environmental sample can be revealed thorough the 
targeted sequencing of the 16S rRNA gene that reveals the phylogeny of the 
microorganisms present [133]. However, to extract functional information from within 
the microbial community the total DNA from the sample has to be sequenced. The 
companies commercially generating NGS data for metagenomic and 
metatranscriptomic include Illumina, Roche 454, Pacific Biosciences, Life 
Technologies and more recently the Oxford Nanopore [134-137]. Genome assembly 
programs allow for the reconstruction of population meta-genomes and provide an 
overview of the existing genes present. Studying the metagenome of a sample 
against publically available databases for AMR and metal resistance gives an 
indication of the potential biocidal resistance mechanisms present within a microbial 
community [35]. Using metagenomics, the microbial community adaptation to the 
antimicrobial can be studied [138].  Gene annotation of the open reading frames 
(ORFs) generated after metagenomic analysis can serve as a tailored reference 
database upon which other ‘omic’ datasets from metatranscriptomics and 
metaproteomics can be referenced to [139, 140]. Thus, metagenomics in conjunction 
with other ‘omic’ datasets can provide a very detailed understanding of the mode of 
action of a biocide [141].  
 
 Although the metagenomic data provide insightful ways of describing 
functional potential, they do not provide functional activity of the microorganisms at 
play- which is the realm of RNA, proteins and metabolites [142]. As computational 
datasets continue to grow in size one of the bottlenecks of current metagenomics 
includes computational processing of sequencing data [131]. While collecting 
samples for metagenomics, it is also essential to collect chemical, physical and other 
biological metadata associated with the metagenomic study. This will help to link 
functional and phylogenetic information [143]. Future developments in 
metagenomics will come through improved sequencing technologies such as 
increased throughput and longer read lengths, better algorithms for de novo 
assembly and enhanced binning methods. 
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2.3.2. Metatranscriptomics  
 Metatranscriptomics involves the study of all the transcripts or RNA 
sequences that are generated as a result of transcription from a microbial 
community. These transcripts can be extracted from a community and measured to 
provide an understanding of how communities respond to changes in the 
environment at a given point in time [144-146]. Metatranscriptomics allows for the 
study of gene expression profiles of a microbial community on exposure to a biocide. 
Ideally, metatranscriptomic reads are mapped into metagenomes from the same 
environment. Traditional microarray has a disadvantage compared to 
metatranscriptomic studies as they are relatively low throughput and are unable to 
detect novel gene functions [147]. Data from metatranscriptomic analysis will 
accurately elucidate which pathways are inhibited by the antimicrobial, thereby giving 
an insight into the potential target site of action of the antimicrobial. 
Metatranscriptomics thus allows for the study of an individual microorganisms’ 
response to an antimicrobial.  
 
 Some of the challenges of metatranscriptomics include the difficulty in 
enriching high-quality mRNA from environmental samples, the short half-life of 
mRNA that is vulnerable to the degradation of ubiquitous RNAses, and the bias 
related to cDNA synthesis and amplification [148, 149]. Of great importance are the 
careful handling and storage of samples at -80°C immediately upon extraction to 
overcome some of these problems. Additionally mRNA derived sequences 
sometimes represent a tiny portion of the RNA extracted and hence mRNA 
enrichment from the total RNA pool needs to be developed. 
  
2.3.3.  Metaproteomics 
 Metaproteomics is a “large-scale characterization of the entire protein 
components of environmental microbiota at a given point in time “ [150]. It is a high-
resolution “meta-omics” method that involves the characterisation of the protein 
components of a microbial community, thereby allowing genotype-phenotype 
linkages and revealing the response of a microbial community to environmental 
changes such as in the case of antimicrobial exposure [151, 152]. The 
metatranscriptomic and the metaproteomic profiles can be substantially different and 
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uncorrelated at the same conditions [153]. This could be due to post-translational 
modifications or the longer stability of proteins compared to mRNA transcripts [153]. 
In modern metaproteomics, proteins once extracted are separated using liquid 
chromatography and then detected using tandem mass spectrometry (MS/MS). The 
ion library generated is matched against a public protein database or a tailored 
database generated from metagenomics of the same sample. Thus, it is paramount 
to have sample with specific high-quality metagenomic data for the generation of the 
tailored metaproteomic search database, as publically available sequence database 
currently are limited to only pure cultures of microorganism sequence available 
which have been estimated to represent only less than 1% of the total microbial 
proteome present in the world [154]. Metaproteomics can reveal interesting findings 
that might be missed if only one ‘-omic’ dataset is considered. A recent study on an 
anaerobic fermentation microbial community demonstrated the disproportionate 
activity of methanogens during fermentation although representing less than 4% of 
the total microbial community present [155].  
 
Recently, label free shotgun proteomics methods requiring low protein loads 
such as SWATH-MS have been used with success in pure culture studies with high 
reproducibility and consistency [156]. SWATH-MS is ideally suited for metaproteomic 
investigations, as it requires only around 5µg of protein, which is significantly less 
compared to other quantitative methods out there. Additionally SWATH-MS is a label 
free quantitative method that could allow for identification of key enzymes and 
pathways that may be up or down regulated from biocide action within mixed culture 
communities [30, 156].  
 
 Some of the challenges associated with metaproteomics include biases that 
may arise out of protein extraction protocols that are dependent on the sample type 
[157, 158]. The use of public databases such as UniProt, NCBIRefSeq, Ensembl or 
UniRef for metaproteomics can be computationally demanding as they may lead to 
inflated search spaces. Thus creating tailored databases from sample specific 
metagenomic and metatranscriptomic data can lower search times and 
redundancies, as well as enabling more protein identifications to be made as public 
databases are limited [159-161]. 
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2.3.4. Metabolomics: 
 Biocides may have significant metabolic effects on the microorganisms [162]. 
Studying the metabolome is of vital importance in understanding the action of a 
biocide on microorganisms. “Metabolomics” or “metabonomics” is the study of all 
naturally occurring low molecular weight organic molecules involved in metabolic 
reactions and required for the maintenance, growth and normal functioning of a 
microbial community [163]. These can include organic species such as amino and 
fatty acids, carbohydrates, vitamins and lipids as well as inorganic and elemental 
species [164]. Metabolomic fluxes are not regulated by gene expression alone. 
Changes in the metabolome are thus relative to the fluxes in the transcriptome or 
proteome and can provide informative details about key metabolic pathways. Thus, 
metabolomics is finding an increasing number of applications in environmental 
microbiology. Metabolomics is the endpoint of the “omics cascade” and is the closest 
to the phenotype which will help in understanding the responses of a microorganism 
to antimicrobial stress [165]. However, there is no single instrument or platform that 
currently can analyse all metabolites as most of the tools for metabolome analysis 
are still emerging. Currently analytical techniques include high-performance liquid 
chromatography (HPLC) with UV detection; fourier transformed infrared (FT-IR) 
spectroscopy, mass spectrometry (MS) and nuclear magnetic resonance (NMR)[164, 
166, 167]. MS and NMR approaches/techniques have been particularly popular in 
the study of environmental metabolomics.  Studies using metabolomics for 
determining the mechanism of action of biocides are still limited. Metabolomics has 
the potential for facilitating a better understanding of the pathways involved in 
mitigating the effects of an antimicrobial. Metabolomics in conjunction with other 
“omic” methods in other fields have allowed researchers to characterise the 
biochemical reactions within systems and thereby allowing these approaches to be 
applied in the determination of the mechanism of the antimicrobials [168].  
 
 Some limitations of metabolomics include the exceedingly sensitive 
responses of the metabolome to external factors such as temperature, nutrient 
availability and internal factors such as the age of the microorganism [169]. As such 
sample treatment and preparation is of paramount importance as metabolic 
processes are rapid. The current need in metabolomics is the development of 
unselective, reproductive, simple and fast sample preparation methods that would 
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facilitate comparison of generated data between different laboratories and different 
datasets [170-172].  
 
Figure 2.5. An overview of the different culture independent ‘omic’ techniques i.e. 
metagenomics, metatranscriptomics, metaproteomics and metabolomics that can be 
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2.4. The Nitrogen cycle: 
 
 Nitrogen (N) is a major element in all organisms and on average accounts up 
to 6.25% of their dry mass. Nitrogen as an element can exists in a range of oxidation 
states from +5(NO3- ) to -3(NH3) [173].  The biological Nitrogen cycle involves 5 main 
steps as shown in Figure 2.6., i.e. (i) nitrogen fixation, (ii) nitrogen assimilation, (iii) 
ammonification/mineralisation, (iv) nitrification and (v) denitrification.  
 
 
Figure 2.6. Overview of the various steps in the Nitrogen cycle. The nitrification 
steps are governed by the ammonia and nitrite oxidising bacteria along with the 
Comammox organisms. Adapted from Daims et al. [174] 
 
 Briefly, atmospheric nitrogen is fixed to ammonia either by lightning strikes or 
through free-living or symbiotic bacteria known as Diazotrophs. Ammonia produced 
is assimilated directly by plants or by bacteria itself to synthesise other organic 
compounds such as amino acids. The breakdown of organic compounds such as 
amino acids by ammonifying bacteria such as Bacillus, Pseudomonas, and 
Streptomyces results in the production of ammonia, a process known as 
ammonification or mineralisation. Ammonia is then converted to nitrite and nitrate by 
a group of microorganism known as nitrifiers. Nitrification involves two main steps i.e. 
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and AOA) and the oxidation of nitrite to nitrate by nitrite oxidising bacteria (NOB) 
[175, 176]. Recently, the discovery of comammox (COMplete AMMonia OXidiser) 
microorganisms that have close phylogenetic relationship with the Nitrospira genus 
of NOB were shown to carry out complete nitrification[177, 178]. The last step in the 
nitrogen cycle is reduction of nitrate back to nitrogen by denitrifying bacteria such as 
Pseudomonas aeruginosa and Rhodobacter sphaeroides under anaerobic conditions 
[179].  
 
 Nitrifiers i.e. AOB and NOB are important microorganisms in wastewater 
treatment plants (WWTP) as they are used in the biological nitrogen removal form 
wastewater. A number of studies on FNA toxicity have been carried out on enriched 
cultures of AOB and NOB and as such a brief overview of these microorganisms are 
described here.  
 
2.4.1. Ammonia Oxidising Bacteria (AOB):  
 
 AOB are lithoautotrophic gram-negative bacteria where ammonia serves as 
the sole energy source and carbon dioxide as the only carbon source. There are 3 
main lineages of AOBs i.e. Nitrosomonas, Nitrosospira and Nitrosococcus. Ammonia 
oxidation is mediated by the enzyme ammonia monoxygenase (AMO) in which 
ammonia is oxidised to an intermediate hydroxylamine. Hydroxylamine is then 
oxidised to nitrite by the enzyme hydroxylamine oxidoreductase (HAO) as shown in 




The AMO protein consists of three subunits i.e. amoA, amoB and amoC of 
which amoA subunit is considered to be the active site of the enzyme The HAO 
enzyme on the other hand is a trimer of 63kDa subunits and includes several hemes 
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2.4.2. Nitrite oxidising bacteria (NOB):  
 
NOB are gram-negative lithoautotrophic bacteria that carry out the second 
stage of the nitrification process i.e. the oxidation of nitrite to nitrate by the enzyme 
nitrite oxidoreductase (NOR) as shown in equation (vii) [182].  
 
                      … eq (vii) 
 
NOR consists of 2 subunits i.e. 115 kDa and 65 kDa respectively, and are 
known to have molybdenum and iron-sulphur centres [182]. NOBs are genetically 
very diverse and are classified into 5 different genera i.e. Nitrobacter, Nitrococcus, 
Nitrospira, Nitrospina and Nitrotoga.  
 
 
Distribution of AOB and NOB:  
FISH (Fluorescence In situ Hybridisation) studies on activated sludge of a 
nitrifying reactor revealed that the “oxic” parts of the biofilm were dominated by 
AOBs whereas NOBs dominated the “oxic-anoxic” interface as shown in Figure 2.7. 




Figure 2.7. Close distribution of AOB and NOB in nitrifying reactors. The blue 
represents the AOB Nitrosopira (CY5- labelled probe NSV443), and the red 
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2.4.3.Nitrogen removal in WWTPs 
 
 A normal WWTP is aimed at converting domestic and industrial sewage into a 
clear disinfected effluent removed of its organic matter and other solids.  WWTP are 
also designed to remove nutrients such as nitrogen and phosphorus, which on 
discharge may lead to eutrophication of water bodies. WWTP consists of 4 main 
steps i.e. preliminary, primary, secondary and tertiary treatments. Briefly, the 
preliminary treatment step involves the removal of large solids followed by the 
removal of settleable solids in the primary treatment. The secondary treatment 
involves the removal of nitrogen and phosphorous and the tertiary treatment involves 
the removal of other pollutants such as heavy metals [184, 185].  
 
 Modern WWTP exploit the natural, physical and biochemical capabilities of 
microorganisms to remove nitrogen compounds from wastewater [12]. The biological 
nitrogen removal involves the transformation of ammonia to nitrogen gas. Ammonia 
is removed from wastewater systems because it can lead to eutrophication of water 
bodies and therefore be toxic to aquatic life (Zhang, 2011 #514). A number of 
methods are used to remove nitrogen, of which some are discussed here.  
 
Conventional process: 
 Conventional nitrogen removal typically uses activated sludge, which 
encompasses two types of reaction stages (Figure 2.8.). The conventional method is 
based on autotrophic nitrification carried out by AOBs and NOBs and heterotrophic 
denitrification carried out by denitrifying bacteria such as Pseudomonas. One stage 
is oxic for autotrophic nitrification and the other stage is anoxic for heterotrophic 
denitrification [13, 186]. Ammonia containing the wastewater will pass through the 
anoxic chamber into the aerobic chamber where it is first converted into nitrite then 
into nitrate by AOB and NOB respectively. The sludge is recirculated back into the 
anoxic chamber for denitrifiers to utilise multiple steps to reduce nitrate into N2 gas. 
These two processes result in the removal of nitrogen from wastewater [187]. The 
conventional method commonly needs a high level of oxygen 4.2 g of O2/ g NH4+-N 
for complete nitrification as well as the addition of an external carbon source during 
denitrification which increases the operational cost of this process [188]. 
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Figure 2.8. A conventional activated sludge WWT system for the biological removal 
of nitrogen. Nitrification occurs at the aerobic stage and denitrification occurs in the 
anoxic stage. Adapted from Wang, Zhang [189] 
 
Simultaneous Nitrification and Denitrification (SND) 
 In this process nitrification and denitrification occur concurrently in the same 
reactor. The SND process can save operational costs, doing away with the need of 
an anoxic tank but other parameters such as sludge retention time (SRT), hydraulic 
retention time (HRT) and pH have to be regulated to control heterotrophic bacterial 
growth as they grow more rapidly compared to the autotrophic nitrifiers [190].  
 
Shortcut Nitrification and Denitrification.  
 In this process, partial nitrification is achieved where nitrite is produced 
instead of nitrate. This is followed by complete denitrification to produce nitrogen gas 
[188]. The SHARON®(System for High activity Ammonia Removal Over Nitrite) 
process was the first full scale operated on this method. The SHARON® process is 
as an alternative to the conventional method of nitrogen removal and involves the 
use of a single reactor in which partial nitrification and denitrification take place. It 
saves 25% more energy, and carbon utilisation is reduced by 40% compared to the 
conventional method [191].  
 
Anaerobic Ammonium Oxidation (ANAMMOX)  
 The ANAMMOX process coverts ammonia to nitrogen gas by bacteria, such 
as Brocadia anammoxidans. ANAMMOX has the distinct advantage of not needing 
an organic carbon source and having a low biomass yield, which saves in processing 
costs [192].   
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Completely Autotrophic Nitrogen Removal over Nitrite (CANON) 
 The CANON process includes combining partial nitrification and anoxic 
oxidation of ammonia, carried out by AOB and ANAMMOX bacteria, respectively. 
This process is cost effective as no extra carbon source is needed and this can be 
carried out in a single reactor with low aeration intensity, consuming 63% less 
oxygen than the conventional method of nitrogen removal [193]. 
 
Controlled Nitritation using biocides such as FNA. 
 In a recent study, NOB growth was selectively inhibited over AOB in activated 
sludge when the sludge was treated with the biocide FNA at 1.8 mg/L FNA-N [19]. 
Fortuitously, this phenomenon could benefit nitrogen removal in WWTP as the 
suppression of NOB results in ‘partial nitritation’ where nitrite is formed instead of 
nitrate. This can lead to high economic and operational benefits for WWTP, due to 
the decreased oxygen demand for nitrification, less organic carbon required for 
denitrification and potentially reduced N2O emissions [6]. Additionally partial 
nitritation can be used for feed in the ANAMMOX process which can save additional 
costs [19].  
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2.5. Nitrite/FNA toxicity studies on nitrifiers  
 
 Nitrite is a known toxic intermediate to both groups of nitrifiers i.e. AOBs and 
NOBs. It is known to accumulate in cells in the absence of nitrite consuming 
processes. Studies suggest that nitrite directly inhibits ATP synthesis, and those 
derivatives of nitrite such as nitroso and nitro products generated from the 
photoreaction of nitrite with phenols or other aromatic compounds lead to indirect 
toxicity. Nitrite may react to secondary amines to form N-nitrosamines, which have 
been suggested to cause toxicity [103]. Most FNA toxicity studies have been on 
enriched cultures, but not many studies have been carried out in pure cultures of 
AOB and NOB, possibly due to their slow doubling time of ≥ 8 hours and relatively 
low cell densities in batch culture (<0.1 OD600nm) [194].  
 
 AOBs and NOBs have different levels of tolerance to FNA. This could be due 
to the varying environmental conditions (terrestrial, marine, acidic) in which they are 
found, and/or the difference in their genetic makeup. The AOB genus Nitrosomonas 
have been shown to grow at 3.64 mg/L HNO2-N compared to the NOB Nitrobacter 
that grow at a maximum FNA concentrations lower than 0.05 mg/L HNO2-N [1, 17]. 
Summaries of FNA studies that have been carried out on nitrifiers have been listed in 
Table 2.2., along with the corresponding concentration of FNA.  
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2.6. Research objectives and approaches 
 
2.6.1. Objective 1: Studying the underlying mechanisms that govern the 
persistence of AOB to FNA.  
 
  Studies investigating the global responses of AOB to various stress 
conditions are sparse and have been limited to responses to iron stress, toxic zinc 
exposure, oxidative stress induced by hydrogen peroxide and starvation [26-29]. 
However, no global stress response studies to FNA have been carried out. AOBs 
have a high tolerance to FNA than all microbes that have been studied. It would be 
interesting to examine how this might be possible. Such examination would be 
relevant for understanding FNA tolerance and uncovering possible mechanisms of 
resistance to FNA. This will be achieved by enriched AOB from activated sludge in 
an SBR using a limiting feed.  
 
Here, the enriched culture will then be progressively exposed to increasing 
levels of FNA. At each stable operational stage of FNA exposure, samples will be 
collected for metagenomics and metaproteomic analysis to investigate the method of 
persistence of AOB to FNA. The reactor will be operated till failure i.e. AOB oxidation 
of ammonia is completely stopped. This will reveal the physiological responses 
happening within AOB that allow for it to persist in high concentrations of FNA whist 
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2.6.2. Objective 2: Studying the sensitivity of NOB to FNA.  
 
 There have been limited investigations on the action of FNA on NOB. Some 
species of the Nitrobacter genera like Nitrobacter winogradskyi lack genes coding for 
the ubiquitous oxidative stress enzyme catalase. This enzyme is ubiquitously present 
in other aerobic AOB such as Nitrosomonas europaea [195]. N.winogradskyi thus 
seem less prepared to manage oxidative stress induced by RNS and ROS compared 
to AOB. Furthermore, a study carried out on a pure culture of NOB isolated from a 
coastal Pseudosciaena crocea (large yellow croaker fish) rearing pond was seen to 
grow at a concentration of 0.31 mg/L FNA-N which is the highest FNA concentration 
recorded for NOB growth [121]. Previous studies have shown that NOB is less 
tolerant to FNA compared to AOB as discussed earlier in section 2.5. Here I 
investigate the sensitivity of NOB to FNA using an activated sludge enriched for 
NOB, obtained previously from a fully nitrifying wastewater treatment plant in 
Brisbane, Australia.  
 
Here, a continuous SBR will be operated for nitrite oxidation by applying a 
slow continuous feed of nitrite so that low non-toxic nitrite (FNA) concentrations are 
achieved. Once stable operating conditions are achieved i.e. nitrite concentrations 
are stable, samples for metagenomics and metaproteomics will be collected 
following which feed times will be shortened gradually. This will allow for an increase 
in FNA concentration within the reactor. The reactor will be operated till failure i.e. 
NOB oxidation of nitrite is completely stopped. This will allow for stress response 
mechanisms within NOB to be activated, allowing for the study of the sensitivity of 
NOB to FNA. Furthermore, this will aid in understanding the sites of action of FNA on 
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2.6.3. Objective 3: Determining the mechanism of FNA action on an activated 
sludge community containing both AOB and NOB.  
 
 AOB and NOB, in activated sludge are normally found to grow in close 
proximity to each other as shown in Figure 2.7. Despite the range of applications of 
FNA in WWTP, there is limited understanding of the tolerance of AOB over NOB to 
the biocide, despite NOB having more pathways to remove toxic nitrite build up as 
shown in Figure 1.1.  
 
 In this study I investigate the reasons for mechanisms of persistence of AOB 
to FNA compared to the sensitivity of NOB on an activated sludge system by 
exposing the mixed culture containing both AOB and NOB to a side stream 
treatment of to a side stream treatment of FNA. The objective of this study is to 
investigate the mechanism of action of FNA on AOB and NOB during 50% nitritation 
i.e. the effluent constituted 50% nitrite and 50% nitrate. This can lead to high 
economic and operational benefits for WWTP due to the decreased oxygen demand 
for nitrification, less organic carbon required for denitrification and potentially 
reduced N2O emissions [6]. Additionally, the activity of both the AOB and NOB 
populations would be at 50% due to the inhibition caused by FNA. Studying the 
individual responses of AOB and NOB present in the same SBR could give us new 
insights into the mechanisms of persistence of tolerance of AOB and the sensitivity 
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Chapter 3. Research materials and methods 
 
3.1. SBR reactors:  
3.1.1. Reactor setup for research objective 1:  
 
 An enriched nitrifying culture, previously exposed to 0.79 mg/L FNA-N and 
collected from the activated sludge of Luggage Point, WWTP, Brisbane, 
Queensland, Australia, was used to seed an 8L SBR. The SBR was operated in 
identical cycles of 8 hrs. Each cycle comprised the following phases in sequence: 2.5 
min feeding I (aeration on), 218 min aerobic phase I, 2.5 min feeding II (aeration on), 
219.5 min aerobic Phase II, 2.5 min of sludge withdrawn (aeration on), and finally 30 
min settling and 5 min decanting periods with aeration off. In each feeding period, 
synthetic wastewater of 1L was added, which resulted in a hydraulic retention time of 
1.33 days. During decanting, 2L of treated wastewater was removed. The solids 
retention time (SRT) was maintained at 11 days. Dissolved oxygen (DO) was 
maintained between 2.5 and 3.5 mg/L, and controlled using a program logic 
controller (PLC). The composition of the synthetic wastewater media initially per liter 
was: 5.63 g of NH4HCO3 (1 g NH4 -N), 64 mg of each KH2PO4 and K2HPO4 and 2 
mL of a stock solution containing trace elements. The trace element stock solution 
contained (per liter): 1.25 g EDTA, 0.55 g ZnSO4. 7H2O, 0.40 g CoCl2.6H2O, 1.275 g 
MnCl2.4H2O, 0.40 g CuSO4.5H2O, 0.05 g Na2MoO4.2H2O, 1.375 g, CaCl2.2H2O, 1.25 
g FeCl3.6H2O and 44.4 g MgSO4.7H2O. Sampling was carried out once the SBR 
achieved stable operating conditions i.e. three times the SRT, in this case after 33 
days of stable operations. Once sampling was carried out, the ammonia 
concentration in the feed was increased by approximately 25%, as shown in the 
Table 4.1. The initial starting concentration of ammonia in the feed was 1000 mg/L 
NH4-N. This resulted in production of ~ 1000 mg/L NO2-N effluent, resulting in an 
FNA concentration of 0.788 mg/L HNO2-N (Table 4.1.). The ammonia in the 
synthetic feed was progressively increased to 1250, 1600, 2100 and 2500 mg/L NH4-
N i.e. stages 2-5 (Table 4.1.), Thus, the reactor was operated for 5 stable operating 
periods as shown in Table 4.1. Following that, the ammonia in the feed was raised to 
3200 mg/L NH4-N, during which ammonium oxidation subsequently failed and stable 
operational conditions could not be achieved. 
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 Mixed liquor samples for metagenomics were collected at the end of each 
stable operating stage, i.e. stages 1-5 as shown in Figure 3.1. Once collected, the 
samples were centrifuged at 14,000 x g for 2 mins (4°C) and the supernatants 
removed. The remaining pellets were snap frozen in liquid nitrogen (-196°C) and 
stored at -80°C until DNA extractions were performed. Activated sludge samples for 
metaproteomics were collected at the end of each stable operating condition i.e. 
Stage 1-5 as outlined in Figure 3.1. The collected samples were centrifuged at 
14,000Xg for 2 mins (4°C) and the supernatants removed. The remaining pellets 
were snap frozen in liquid nitrogen (-196°C) and stored at -80°C until protein 
extractions were performed.  
 
 
Figure 3.1. Reactor set up for the study with an overview of sampling carried out at 
all the 5 different stable operational stages in the reactor. Sampling for 
metagenomics and metaproteomics was carried out at the end of each stage from 
the main SBR. Sludge was also washed to remove FNA for metaproteomic analysis.   
 
Stage 1
















End of each stage
Metaproteomics
Bioinformatic analysis
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3.1.2. Reactor setup for research objective 2:  
 
 An enriched nitrifying culture obtained from activated sludge of Luggage 
Point, WWTP, Brisbane, Queensland, Australia was seeded into an 8L SBR that was 
fed with synthetic wastewater feed to promote the growth and enrichment of NOB. 
The composition of the synthetic wastewater per liter contained 1g of NaNO2-N, 0.4g 
NaHCO3, 1.768 g KH2PO4 and 2 mL of a stock solution containing trace elements. 
The trace element stock solution contained (per liter): 1.25g EDTA, 0.55g ZnSO4. 
7H2O, 0.40g CoCl2.6H2O, 1.275g MnCl2.4H2O, 0.40g CuSO4.5H2O, 0.05 g 
Na2MoO4.2H2O, 1.375 g, CaCl2.2H2O, 1.25 g FeCl3.6H2O and 44.4 g MgSO4.7H2O. 
The SBR reactor was operated in identical cycles of 6 hrs. The SBR reactor was 
operated at room temperature (22 ±1oC) and the DO was maintained at 2.5-3.0 mg/L 
during aeration periods and the pH was maintained at 6.5 using PLC controllers. The 
SRT was maintained at 10 days. Samples for metagenomics and metaproteomic 
analysis were obtained once the SBR achieved stable operating conditions, in this 
case after 30 days.  
 
In stage 1 each cycle included 260 mins of feeding time (2L) (1 min on and 4 
min off feed), 20 min aeration and 60 mins settling followed by a 20 min decanting 
period (2L). To increase nitrite/FNA accumulation in the SBR, the feed time was 
decreased. This was ideal to study FNA induced stress responses on the NOB 
population. Hence for stage 2, the feed time was decreased to 126 mins until stable 
operational conditions were achieved and metagenomic and metaproteomic 
sampling was carried out. At stage 3, the feed time was decreased to 122 mins until 
stable operational conditions were achieved and metagenomic and metaproteomic 
sampling was carried out. Subsequent decrease of feed times led to a complete 
inhibition of NOB, as accumulated FNA was too high for NOB survival.  
 
 For the metagenomic investigation, samples of mixed liquor were collected at 
the end of each stage of operation from the main reactor.  The samples once 
collected were centrifuged at 14,000 x g for 2 mins (4°C) and the supernatants 
removed. The remaining pellets were snap frozen in liquid nitrogen (-196°C) and 
stored at -80°C until DNA extractions were performed. Activated sludge samples for 
metaproteomics analysis were taken at each stable operating stage i.e. at 0 and 30 
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mins after the start of the feeding cycle, and at 0 and 30 mins after the end of the 
feeding cycle, which was when the highest FNA concentrations occurred. Once 
collected the samples were centrifuged at 14,000 x g for 2 mins (4°C) and the 
supernatants were removed before the pellets were snap frozen in liquid nitrogen. 
The remaining pellets were snap frozen in liquid nitrogen (-196°C) and stored at -
80°C until protein extractions were performed.  
 
 
Figure 3.2. Reactor set up for the study with an overview of sampling carried out at 
the 3 different stable operational stages in the reactor. Sampling for metagenomics 
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3.1.3.Reactor setup for research objective 3:  
  
 An 11 L sequencing batch reactor (SBR) originally seeded with activated 
sludge from a domestic wastewater treatment plant in Brisbane, Australia was 
operated in a temperature controlled room (22±1°C) supplied with an ammonium 
based synthetic feed without any organic carbon for the selection of nitrifying 
bacteria. The synthetic wastewater composition per liter was: 0.2949 g of NH4HCO3 
(57 mg NH4±N), 0.33 g NaHCO3, 0.184 g of NaCl, 0.072 g of NaH2PO4·H2O, 0.035 g 
MgSO4·7H2O, 0.029 g KCl and 0.3 mL of a trace element stock solution prepared as 
previously described [196]. The reactor was operated with four cycles daily (6 hours 
each), which consisted of a 90 min aerobic feed period wherein 5L of synthetic 
wastewater was pumped into the reactor. This was followed by 210 mins of aerobic 
mixing, a 50 min of settling, and a 10 min decanting period. During aeration periods, 
a dissolved oxygen (DO) concentration of 2.5-3.0 mg/L and a pH of 7.5 were 
maintained in the reactor using PLC. The hydraulic retention time (HRT) of the 
reactor was 13.2 hours. The SRT was maintained at 11 days. At different SBR 
operational stages, a side stream treatment of FNA was applied to the sludge that 
was removed and then returned to the reactor (Figure 3.3.). In Stage 1 of the SBR 
operation there was no FNA side stream treatment. In Stage 2, 2750 ml (25%) of the 
mixed liquor was withdrawn every day from the SBR, the sludge was thickened to 
130 ml and then treated for 24 hours with an initial FNA concentration of 3.64 mg/L 
while maintaining a pH of 6.0 in a side stream treatment reactor. Following the 
treatment the sludge was then returned to the SBR. In Stage 3 the same sludge 
treatment was carried out every day but the side stream FNA concentration was 1.82 
mg/L. The nitrogen species of the side stream reactor were measured at 0 and 24 
hours following treatment.  
 
 For the metagenomic investigation, samples of mixed liquor were collected at 
the end of each stage of operation from the main reactor (stages 1, 2 and 3).  The 
samples once collected were centrifuged at 14,000 x g for 2 mins (4°C) and the 
supernatants removed. The remaining pellets were snap frozen in liquid nitrogen and 
stored at -80°C until DNA extractions were performed. For the metaproteomic 
studies, samples were collected at the end of Stage 3, from the side stream 
treatment reactor when the FNA treatment concentration was 1.82 mg/L FNA-N. A 
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second side stream treatment reactor was operated with mixed liquor from the SBR 
without FNA treatment i.e. 0 mg/L FNA-N. Triplicate samples for metaproteomics 
were taken from both side stream reactors at the treatment times of 0 min, 20 min, 2 
hours, 12 hours and 24 hours. Following centrifugation, supernatant was removed 
and pellets were snap frozen in liquid nitrogen and stored at -80°C until protein 
extraction was carried out.  
 
 
Figure 3.3. An overview of the reactor set up and the sampling conditions for both 
metagenomic and metaproteomic investigations at different stages i.e. 1-3, of the 
reactor.  
 
3.2. Analytical methods 
 
 Mixed liquor samples were taken using a syringe and immediately filtered 
through disposable Millipore filter units (0.22µM pore size). The ammonium, nitrite 
and nitrate concentrations in the SBR effluents were measured 2-4 times every week 
using a Lachat QuikChem8000 Flow Injection Analyzer (Lachat Instrument, 
Milwaukee, Wisconsin, USA).  
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3.3. Microbial and bioinformatic analysis  
 
3.3.1. DNA extraction:  
 
 Microbial DNA was extracted from sludge samples for metagenomics using 
the PowerSoil® DNA isolation Kit (MO BIO Laboratories), as per the manufacturer’s 
instructions. Metagenomic DNA was sequenced using the Illumina NextSeq 500 
platform, using the Nextera library protocol (Illumina) at the Australian Centre for 
Ecogenomics, University of Queensland. 
 
3.3.2.Metagenomics Assembly and analyses 
  
 Raw DNA sequences were added to the Metagenomics Rapid Annotation 
(MG-RAST) server (v4) for rapid annotation as well as to determine the microbial 
community composition at the end of each stable operational stage [197]. The 
sequence datasets were loaded into MG-RAST. The raw Illumina sequence reads 
were also processed using three different bioinformatic pipelines to create robust 
and tailored metagenome databases as shown in Figure 3.4. The microbial 
community profile was generated from the raw reads using the CommunityM tool 
[198]. Raw reads generated using adapters were clipped and quality trimmed with 
trimmomatic and the overlapping pairs of reads were merged with BBmerge [199, 
200]. In the first pipeline, the quality controlled paired reads were assembled using 
CLC Genomics Cell assembler v8.0. The assembled contigs were then binned using 
GroopM and Metabat [201, 202]. In the second bioinformatic pipeline the raw reads 
were processed using an automated pipeline called IMP (Integrated Meta-omic 
Pipeline) that involved iterative co-assembly and mapping [203]. The metagenome 
bins were generated through this pipeline using a VizBin-based workflow [139, 204]. 
Additionally, the third bioinformatic pipeline was used for genome assembly of the 
raw reads generated from the SBR operations for RO1 and RO2 (Chapters 4 and 5). 
This involved the use of the metagenomic assembler metaSPAdes following which 
the assembled contigs were binned with Metabat [205].  The quality of the bins 
generated from all these bioinformatic pipelines was then estimated using CheckM. 
Taxonomies of the bins were inferred using the genome taxonomy database (GTDB) 
[206]. Nitrifying population genome bins with greater than 75% completeness and 
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contamination less than 10 % were annotated using Prokka and concatenated to 
create a custom tailored database for metaproteomics [207, 208].  
 
Figure 3.4. An overview of the metagenomic analysis carried out on raw 
metagenomic reads. The 3 metagenomic pipelines used for the analysis have been 
labelled 1-3. 1: analysis using the CLC genomics Cell assembler v8.0 followed by 
either binning using Metabat or GroopM binning, 2: analysis using the IMP pipeline, 
3: using the metaSPAdes assembler followed by Metabat binning.   
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3.3.3. Protein extraction and digestion:   
 
 Activated sludge pellets (as prepared above) were processed for protein 
extraction and subsequent LC-MS/MS analyses. Protein extraction was carried out 
using a 10 ml protein extraction buffer prepared using 10 ml of B-PER Bacterial 
Protein Extraction Reagent mix (Thermo Fisher Scientific), 7.7 mg of dithiothereitol 
and 1 tablet of Complete mini EDTA-free Protease Inhibitor Cocktail (Roche). 1 ml of 
this buffer was added to each thawed sludge pellet for extraction and left at room 
temperature for 30 min with periodic vortexing to solubilise the protein. The cell 
debris was removed after centrifugation at 15,000 g for 15 min following which the 
protein supernatant was incubated overnight with 10% Trichloroacetic acid (TCA) at 
4 °C. The protein was recovered by centrifugation at 18,000 g for 15 mins following 
which the pellets were washed twice with cold acetone and subsequently dried at 
room temperature. Once dried the pellets were re-suspended in 100µl of buffer 
containing 2 M thiourea, 7 M urea and 100 mM ammonium bicarbonate. Protein 
quantification was carried out through the 2-D Quant Kit (GE Healthcare). 
Subsequently, reduction of proteins was carried out with 5 mM dithiothereitol for 30 
mins at 56°C. Alkylation of the protein was carried out by incubation in the dark for 
30 min at room temperature with 25 mM iodoacetamide (Sigma-Aldrich). Additional 
50 mM dithiothereitol was added to quench the alkylation reaction once the 
incubation was complete. Samples were diluted with 50 mM ammonium bicarbonate 
to reduce the urea concentration to 2 M. Digestion with 1:50 trypsin:protein ratio was 
performed at 37 °C for 4 hours. Following that a second digestion was performed 
with a 1:25 trypsin:protein ratio at 37°C overnight [156]. Peptides were further 
concentrated and purified using the C-18 ZipTip® Pipette Tips (Merck Millipore) 
using 5% acetonitrile/0.1% trifluoroacetic acid solution for washing and then elution 
with 80% acetonitrile/0.1% trifluoroacetic acid solution. The samples were dried 
using a Speed-Vac to remove acetonitrile and peptides were re-suspended in 0.1% 
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3.3.4. Metaproteomic analysis 
  
 Peptides were directly analysed on a LC-ESI-MS/MS with a Prominence 
nanoLC system (Shimadzu) and a Triple-ToF 5600 instrument (ABSciex) equipped 
with a Nanospray III interface as previously described [210]. For IDA acquisitions 
5µg of pooled peptides were used whereas for SWATH acquisitions, 1µg of peptides 
from each condition were analysed. Collision energy for SWATH-MS samples was 
automatically assigned based on m/z mass windows. Mass spectrometry (MS) data 
of pooled IDA samples was searched using ProteinPilot™ software (ABSciex, 
Forster City CA) against a custom tailored database containing the population 
genome bins of nitrifiers generated from both the metagenomic pipeline analysis and 
the annotated genomes of known nitrifiers downloaded publically from Uniprot 
Swiss-Prot database (June 2016 release).  The search settings included enzyme 
digestion set to trypsin, cysteine alkylation set to iodoacetamide, and global false 
discovery rate (FDR) set at 1%. The quantified proteome SWATH files were 
generated using the PeakView settings of 5 peptides per protein and 3 transitions 
per peptide.   The MSstats package in R was used for statistical analysis of the 
spectral information and the p-value stringency was set to ≤0.05 across triplicate 
samples [211]. To determine the log2(FC) (log2 Fold change) of proteins we used the 
‘groupComparison’ function of MSstats. The sequences, molecular functions and 
biological processes of the proteins were queried and verified against the curated 
UNIPROT and NCBI databases [212]. 
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Chapter 4 Research outcome - Objective 1: Studying the underlying 
mechanisms that govern the tolerance of AOB to FNA. 
4.1. Results  
4.1.1. SBR operational stages:  
 An SBR was inoculated with activated sludge previously obtained from a 
WWTP. The stable operational stages that have been achieved have been shown in 
Table 4.1. Increase in the concentration of ammonium in the feed resulted in an 
increasing concentration of FNA within the SBR. It was possible to achieve 5 
different stable operational stages before ammonia oxidation of the AOB was 
severely inhibited at 3200 NH4-N mg/L. It was noted that AOB activity was inhibited 
with increasing FNA concentration as shown in Figure 4.2.The lowest calculated 
FNA concentration achieved was 0.79 mg/L FNA-N (Stage 1) and the highest FNA 
concentration achieved was 1.78 mg/L FNA-N (Stage 5). The nitrogen profiles of an 
SBR cycle at each stable operating stage i.e. 1-5 are represented in Figure 4.2.  
 
Table 4.1. The different steady states of the SBR operating for nitrification achieved 
with their corresponding FNA concentration.  
 
  
Sampling for metagenomics and metaproteomics was carried out at the end of each 
stable operational stages i.e. stage 1-5 as shown in Figure 3.1. Additionally 250ml of 
sludge from the main SBR reactor was taken out when the pH of the main SBR 
dropped to 6.3 (lowest). The sludge was washed several times in a side stream 
reactor to remove FNA/nitrite.  Feed was then added and measurements for 











1 1000 1000 0.79
2 1250 1180 0.93
3 1600 1400 1.1
4 2100 2040 1.61
5 2500 2260 1.78
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and similar DO conditions to that of the SBR reactor. Samples for proteomics were 
also taken out at 0 and 30 minutes after the addition of feed.   
 
 The nitrogen profiles at each stable operating conditions stage shown in 
Figure 4.2. reflect the robustness of AOB evidenced by its activity in converting 
ammonia to nitrite.  The highest nitrite concentration reached for the reactor was 
2260 NO2-N mg/L, which corresponded to an FNA concentration of 1.78 mg/L FNA-
N. NOB activity via nitrite oxidation was only detected in stage 1 when the FNA 
concentration was 0.79 mg/L FNA-N. 
 
 
Figure 4.1. Nitrogen profiles within each steady stage achieved (Stage 1-5). (A) 
Nitrite concentrations within the SBR reactor during a cycle. (B) Ammonium and 
nitrate concentrations within the SBR reactor during a cycle.  
  
 The AOB activity, measured by the ammonia oxidation rate was calculated at 
three separate conditions within a cycle, i.e. immediately after the ammonia was fed 
into the reactor, when the pH dropped to 6.3 in the sequencing batch reactor 
(highest FNA concentration) and when the activated sludge biomass was washed in 
media (to remove residual FNA/nitrite) within a batch reactor set up, maintained at 
pH = 6.3. The ammonia oxidation rates were determined at each stable operational 
stage i.e. 1-5 as shown in Figure 4.3. A decrease in ammonia oxidation rates (AOB 
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activity) is directly proportional to an increase in FNA concentration due to the 
inhibition caused by FNA as shown in Figure 4.3. The activated sludge once washed 
and removed of FNA was seen to recover its oxidation rate albeit at lower rates than 
the sludge at the initial feed conditions. This is in line with previous studies that 
showed ammonia oxidation being reduced on exposure to increasing concentrations 
of nitrite [109, 213].  
 
 
Figure 4.2. AOB activity represented as ammonia oxidation rate profiles at all the 
stable operational stages achieved in the reactor.  
 
4.1.2. Microbial community change to increasing FNA exposure within the 
SBR:  
   The metagenomic raw reads were analysed on MG-RAST and the 
taxonomic profiles generated from each stage was generated as shown in Figure 
4.4. [197]. The taxonomic profiles for Stage 1-5 and for attempted stage 6 can be 
accessed on the MG-RAST server with the following IDs i.e. mgm4687976.3, 
mgm4687975.3, mgm4687977.3, mgm4687974.3, mgm4687978.3 and 
mgm4687973.3 respectively. The microbial community at all stages was highly 
enriched for the AOB species Nitrosomonas eutropha as represented in Figure 4.4. 
The Nitrosomonas eutropha species constituted >80% of the entire microbial 
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reactor was fed with ammonium feed of 3200 NH4-N mg/L the N. eutropha species 
reduced to 61.15%. 
Figure 4.3. The microbial community composition of the SBR at the 5 stable 
operational stages and at attempted stage 6 operational stage. The dominant 
species in all the stages of the SBR is the AOB Nitrosomonas eutropha [197]. 
 
4.1.3. Nitrifier genomes detected in the reactor:  
 Briefly, the metagenomic reads were assembled using CLC Genomics 
Workbench (Version 8.5.2) following which genomes were binned using GroopM and 
Metabat tools i.e. pipeline 1 as shown in Figure 3.4. [201, 202, 205, 214]. As 
anticipated the AOB genus population genome bins belonged to the Nitrosomonas 
genus. However, it was seen that these tools did not yield genome bins that had high 
completeness (≥ 85%) and low strain heterogeneity. The highest completeness 
achieved using all the reads for assembly was 80.54% (Table 2.2.). Consequently, 
improved binning of the reads was required.  
 
 The analysis of the raw metagenomic reads for microbial community structure 
was additionally performed using another tool i.e. communityM [198]. Results using 
this tool yielded variations to the results generated from MG-RAST [198]. The 
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constituting 49.30%, 44.08%, 54.4%, 58.35% and 55.63% of stages 1-5 (Figure 
4.4.).  Interestingly another 20 more operational taxonomic units (OTUs) belonging to 
the Nitrosomonadaceae family were detected representing around 0.5% of the 
reads. The metagenomic reads from these OTUs might have influenced the proper 
assembly and binning of the dominant Nitrosomonas population due to sequence 
similarity and single nucleotide polymorphisms (SNP).  
 
 
Figure 4.4. The microbial community abundance at each operational stage i.e.1-6, 
using the communityM tool showed the dominance of the Nitrosomonadaceae 
family.  
 A previous study by Hug et al. achieved better contig assembly and genome 
binning by subsampling the raw reads to remove strain heterogeneity [215]. Hence, 
subsampling of the raw reads was carried out at different depths i.e. 1%, 5%, 10%, 
20% and 50%, followed by assembly using CLC Genomics Workbench (version 
8.5.2) following which genomes were binned using GroopM and Metabat tools 
genome binning pipelines. However, the use of these different depths of 
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Table 4.2. The Nitrosomonas genomes generated using GroopM and Metabat 
binning methods when using different proportions of the sequence reads. 
 
  
 Other metagenome assembly tools that had worked well with highly similar 
contig assembly were looked into. The metagenomic assembly tool MetaSPAdes  
was used. MetaSPAdes combines highly similar “strain-contigs” to form quality 
consensus sequences thereby aiming at the best possible representation of each 
species instead of every strain variant [216]. MetaSPAdes, initially developed as 
SPAdes, was used to help assemble sequence data with uneven read coverage and 
as well as its ability to resolve chimeric sequences. Hence, we used metaSPAdes to 
assemble the raw metagenomic reads following which metagenomic binning was 
carried out using metaBAT [202, 205]. This bioinformatic pipeline yielded a 
Nitrosomonas genome bin with 95% completeness, 1% contamination and 0 strain 
heterogeneity [205]. The population metagenome bins of the Nitrosomonas genus 
generated with greater than 80% completeness were annotated using prokka and 
were added along with publically available Nitrosomonas genomes downloaded from 
NCBI (July 2017), to make the custom database for our metaproteomic search as 















1 27.11 0 0 41.31 1.75 100
5 63.56 3.23 40 57.33 2.2 92.31
10 71.01 1.76 70 69.41 6.63 92.31
20 30.3 0 0 78.41 57.3 60.71
50 68.6 16.43 91.43 41.32 0.71 100
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Table 4.3. A list of the population genome bins and all the Nitrosomonas genomes 
downloaded from Genbank (July 2017) that were used to create the custom 
database for metaproteomic analysis. 
 
 
4.1.4. Metaproteomics:  
 The metaproteomic investigations were carried out at 5 different stable 
operating conditions within the reactor i.e. Stage 1-5 as shown in Figure 3.2. Using 
the ProteinPilot™ software (Version 5.0.1) a total of 768 proteins were identified 
against the custom metaproteomic search database at a global False Discovery 
Rate (FDR) of 1%. The quantitative levels of protein abundance at different stages 
were processed using the ‘groupComparison’ function of MSstats program in R 
[211]. The changes in protein expression profiles from the other stages were 
compared to the initial stage i.e. Stage 1 (0.79 mg/L FNA-N). The quantitative 
metaproteomic analysis revealed a change of protein abundances in 641 of the 
proteins as shown in Appendix A. Functions of these enzymes and proteins are 
proposed here primarily from sequence homology to those previously described in 









Nitrosomonas	 Ns80 CLC Metabat 80.54 23.21 100
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4.2. Discussion 
 Various enzymatic responses of Nitrosomonas to FNA were observed, 
displaying various mechanisms of persistence which are discussed below:  
 
4.2.1. Enzymes involved in nitrogen transformation:  
 Ammonia monooxygenase acetylene-binding, ammonia monoxygenase and 
ammonia monooxygenase/methane monooxygenase subunit C are enzymes 
involved in the primary step of nitrification i.e. the oxidation of ammonia to 
hydroxylamine to generate energy [218]. This enzyme was highly upregulated at 
1.78 mg/L FNA-N after feed. This increase in expression was expected as the 
ammonia concentration in the feed increased with each stable operational stage as 
shown in Table 4.1. The increased abundance of this protein to increasing FNA 
concentration contrasts to the lowered ammonia oxidation rates as shown in Figure 
4.5. FNA stress on Nitrosomonas may have led to a higher demand for energy 
generation for stress response mechanisms which in turn led to an increased 
log2(FC) change of protein abundance for ammonia monooxygenase particularly 
acetylene derived ammonia monoxygenase from Ns95. Interestingly, of the ammonia 
monooxygenase proteins detected all of them showed an increased protein 
expression to increasing FNA concentration except for ammonia monooxygenase 
acetylene-binding derived from Nitrosomonas eutropha. This shows that different 
populations of the Nitrosomonas genus have varying responses to FNA.  
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Figure 4.5. The change in regulation of enzymes involved in nitrogen metabolism on 
exposure to FNA represented as log2(FC) changes across the different FNA 
concentrations after feed (high pH), lowest pH with(highest FNA concentration), and 
no FNA concentration after wash. White sections within the heatmap represent data 
wherein triplicates did not meet the stringency levels of p ≤ 0.05. Green represents a 
negative log2(FC) fold change and red represents a positive log2(FC).   
 Cytochrome P460 derived from Ns95 was seen to be upregulated on 
exposure to increasing FNA exposure as shown in Figure 4.6. Cytochrome P460 
converts hydroxylamine to nitrous oxide under oxygen limiting conditions and under 
aerobic conditions oxidise hydroxylamine to nitrite albeit at a 40 fold lower rate than 
HAO [219-221]. It has also been suggested to play an ancillary role in N-oxide 
detoxification [222]. Cytochrome P460 derived from other Nitrosomonas populations 
i.e. NsEu and Ns80 was seen to be downregulated on exposure to FNA.  
  
 The copper-containing nitrite reductase enzymes derived from different 
population genomes were differentially regulated. NsEt was seen to be 
downregulated on exposure to FNA whereas Ns80 was upregulated to increasing 
FNA concentrations. Copper-containing nitrite reductases are involved in the initial 
stages of denitrification process that convert nitrite to nitric oxide called nitrifier 
denitrification [223]. Hydroxylamine oxidoreductase known to be the key enzyme 
involved in hydroxylamine oxidation to nitrite was downregulated on exposure to 
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player in the energy generation pathway for AOB and its downregulation on 
exposure to increasing FNA concentration suggests that FNA caused inhibition of 
this protein as represented in Figure 4.6.  
 
 The enzyme cytochrome c552 has not been well characterized in the 
Nitrosomonas genus. However, in E.coli it functions as a nitrite reductase that is 
involved in the dissimilatory nitrate reduction under anaerobic conditions to ammonia 
thereby converting nitrite to ammonia [225]. Within Nitrosomonas, this enzyme was 
upregulated in micro-aerophilic conditions as can be seen by its upregulation 
following the settling phase (anaerobic) of the reactor as the feeding period starts (t 
= 5mins). Denitrification i.e. conversion of toxic nitrite to nitric oxide via the nitrite 
reductase enzyme was observed to be upregulated in one Nitrosomonas population 
and downregulated in another. Copper-containing nitrite reductase is known to 
reduce toxic nitrite to NO, thereby playing a role in providing resistance to nitrite 
induced stress  (4.5.) [226, 227]. The enzyme denitrification regulatory protein NirQ 
known to activate nitrite and nitric oxide reductase was downregulated on exposure 
to increasing FNA concentration [228]. Cytochrome c552, a nitrite reductase that is 
involved in the dissimilatory nitrate reduction to ammonia was seen to be 
upregulated after the 5 min period of feed following an anoxic phase [229]. This 
suggests the Nitrosomonas population could convert nitrite to ammonia under 
anaerobic conditions.   
 
Figure 4.6. Regulation of enzymes involved nitrogen transformation at the highest 
FNA concentration (pH = 6.3). Red coloured arrows denote an upregulation and the 
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blue coloured arrows denote a downregulation of the corresponding enzymes at the 
highest concentration. AmoA - ammonia monoxygenease, cyt P480 - Cytochrome 
P460, Hao- hydroxylamine reductase, cyt552 - Cytochrome c552.  
  Interestingly different populations of the Nitrosomonas genus are seen to 
have varied responses to FNA as evidenced by the varied regulation of similar 
enzymes involved in nitrogen transformation. Within the Ns95 derived population, the 
ammonia monooxygenase protein was upregulated on exposure to FNA but that did 
not correspond to hydroxylamine reductase upregulation which was seen to be 
downregulated possibly due to the inhibition of FNA on the activity of this enzyme 
(Figure 4.7.).  Cytochrome P460 known to convert hydroxylamine to nitrite was 
upregulated although its activity is about 40-fold lower than that of HAO [219-221]. 
This suggests that Nitrosomonas (Ns95) uses a less efficient pathway for nitrification 
so as to produce energy required for other stress responses discussed later in this 
chapter.  
 
4.2.2. Oxidative stress responses to FNA. 
 Nitrosomonas being an aerobic bacterial genus, have inbuilt mechanisms to 
protect it from oxidative stress [230]. The best-studied oxidative stress enzymes in 
the Nitrosomonas genus are SOD and catalase  (Figure 4.8.) [29]. These enzymes 
derived from two genome populations of Nitrosomonas in this study were regulated 
differently on exposure to increasing concentrations of FNA. SOD is known to act as 
a strong antioxidant, wherein it converts two molecules of superoxide to oxygen and 
hydrogen peroxide. Hydrogen peroxide is removed by catalase and peroxidase 
enzymes [231]. SOD (Ns95) was seen to be initially upregulated at 0.93 mg/L FNA-
N, and then downregulated on exposure to FNA. Interestingly, catalase derived from 
the same population of Nitrosomonas was also downregulated on increased FNA 
concentration. The protein was only upregulated once the FNA was removed as 
shown in Figure 4.7. The same protein derived from another Nitrosomonas 
population i.e. Ns80 was seen to have increased upregulation with increased FNA 
concentration, suggesting the again the varied responses of the different 
Nitrosomonas populations. AhpC/TSA (Alkyl hydroperoxides reductase/Thiol specific 
antioxidant) family proteins represent a large family of enzymes that have strong 
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antioxidant properties [232]. AhpC in Salmonella typhimurium is known to detoxify 
peroxides including hydrogen peroxide, a biocide that is known to induce oxidative 
stress in microorganisms [233].  Additionally, upregulation of AhpC has been linked 
to furfural tolerance in E.coli [234]. Deletion of the ahpC gene in E.coli showed 
reduced growth and lower accumulation of iron when grown in low iron media. This 
mutant was also observed to have a noticeable lowered production of the 
enterobactin, a siderophore that transports ferric iron into the cell under iron-limiting 
conditions [235]. TSA is a physiologically important cellular component against 
oxidative damage well studied in yeast and mammalian cells [236]. It is known to 
constitute an enzymatic defence against oxidative stress induced by hydrogen 
peroxide and sulphur-containing radicals [217, 236]. Thus the upregulation of this 
enzyme suggests that in addition to providing oxidative stress protection it also aids 
in siderophore complex formation. 
 
 Peptide methionine sulfoxide reductase (msrA), an enzyme that repairs 
protein inactivated by oxidation, was upregulated on exposure to higher 
concentrations of FNA, suggesting that oxidative damage of proteins increased with 
increasing FNA concentration [237]. NfuA protein is an iron-sulfur protein known to 
sustain oxidative and iron stress conditions in E.coli [238]. This protein was 
upregulated on exposure to increased FNA concentrations. Lactoylglutathione lyase 
was upregulated on exposure to FNA. It is known to detoxify the cytotoxic metabolite 
methylglyoxal into non-toxic by-products [239]. Mutants missing this enzyme are 
known to undergo oxidative stress [240]. Dihydrolipoyl dehydrogenase was 
upregulated on increasing FNA concentration across the different stages. This 
enzyme, known to be an active scavenger for RNS particularly nitric oxide scavenger 
by reducing ubiquinone to uniquinol, thereby providing a strong evidence for the 
action of RNS formed from FNA [241]. The dihydrolipoyl dehydrogenase protein 
derived from different population genome bins was seen to have different regulation. 
Dihydrolipoyl dehydrogenase derived from Ns95 was seen to be upregulated on 
increasing FNA exposure whereas the same enzyme derived from Ns80 is 
downregulated. Thioredoxin reductase, a ubiquitous enzyme is known to provide 
defence against oxidative stress by removing superoxide radicals [242]. This protein 
was seen to be highly upregulated even in conditions when FNA is removed. 
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Cytochrome c551 peroxidase (Ns80), also an antioxidant enzyme, was seen to be 
upregulated on exposure of FNA [243].  
  
 Thioredoxin-1 was observed to be upregulated after FNA exposure and down 
regulated on FNA removal. In Saccharomyces cerevisiae, the enzyme thioredoxin-1 
is known to repair oxidatively damaged proteins, and is involved in the maintenance 
of an internal redox homoeostasis in response to oxidative stress [244]. The 
multicopper oxidase mco, best characterised in studies carried out on 
Staphylococcus aureus, was seen to be upregulated in exposure to increasing FNA 
concentrations except at 1.1 mg/L FNA-N. A deletion study of this enzyme in 
S.aureus showed its role in the maintenance of copper homeostasis and oxidative 
stress response [245]. A putative peroxiredoxin bcp was seen to be upregulated on 
exposure to FNA, up until 1.1 mg/L FNA-N, although at higher FNA concentrations 
the enzyme was downregulated. In E. coli, a deletion of this enzyme has been 
associated with hypersensitivity to various oxidants such as H2O2 [246]. Thioredoxin-
2, known to repair oxidatively damaged proteins, was seen to be downregulated with 
increasing FNA concentrations [247]. A few proteins with known oxidative stress 
functions that were down regulated on increasing FNA concentrations. They include 
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Figure 4.7. The change in abundance of oxidative stress enzymes on exposure to 
FNA represented as log2(FC) changes. Sampling was carried out at each stage at 
different time points i.e. directly after the feed (t = 5mins), and at the time of the 
lowest pH/ highest FNA (t = 220 mins). Additionally, protein abundances were 
detected from batches of sludge after a wash step to remove FNA (t= 30 mins). 
White sections within the heatmap indicate that the log2(FC) changes were not 
significant according to the stringency criteria applied across triplicates (p ≤ 0.05.). 
Green represents a negative log2(FC) fold change and red represents a positive 
log2(FC).   
 This study suggests that the Nitrosomonas genus has a high innate ability to 
deal with oxidative stress from due to the presence of oxidative stress enzymes. 
Overall there is clear evidence showing that FNA exposure unleashes an oxidative 
stress response in Nitrosomonas, possibly mediated through ROS and RNS 
intermediates [230]. 
 
4.2.3. Evidence of DNA and protein damage 
 FNA has been previously postulated to damage protein and DNA through 
RNS and ROS intermediates [45]. In this study, DNA and protein repair enzymes 
were upregulated on exposure to FNA (84.9.). Among the protein repair enzymes, 
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stabilization were upregulated on exposure to increasing exposure of FNA i.e. 1.78 
mg/L FNA-N [248]. The 10 kDa and 60 kDa chaperonin, which are essential proteins 
preventing protein misfolding under stress conditions, were observed to have a 
changed regulation (Figure 4.8.) [249]. The 10kDa chaperonin protein was 
upregulated on exposure to increasing FNA concentration, whereas 60kDa 
chaperonin (NsEt) was seen to initially be upregulated at 0.93 mg/L FNA-N whereas 
the protein was downregulated on exposure to increasing FNA concentrations. 
Additionally, the 60kDa chaperonin of Ns166 was downregulated on exposure to 
FNA. However, it was upregulated after the removal of FNA. Peptidyl-prolyl cis-trans 
isomerase cyp18, a protein known for its ability to accelerate protein folding was 
seen to be highly expressed in conditions with high FNA [250]. Other protein repair 
enzymes of interest include the chaperon protein HtpG and the protein-L-
isoaspartate (D-aspartate) O-methyltransferase enzyme.  Chaperon protein HtpG, 
participates in the correct de novo protein folding of mildly stressed E.coli cells, 
whereas protein-L-isoaspartate (D-aspartate) O-methyltransferase is known to repair 
and/or degrade damaged proteins [251, 252]. The chaperon protein HtpG was 
upregulated on exposure to FNA and protein-L-isoaspartate (D-aspartate) O-
methyltransferase was seen to be downregulated on increasing FNA exposure. 
Peptidyl-prolyl cis-trans isomerase B, a protein with known protein folding functions, 
was seen to be upregulated on increasing FNA concentration [212].  
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Figure 4.8. The regulation of DNA and protein repair enzymes on exposure to FNA 
represented as log2(FC) changes. Protein expression profiles across the stages 
were compared at different time points i.e. directly after the feed (t = 5 mins), and at 
the time of the lowest pH/ highest FNA (t = 220 mins). Additionally, protein 
abundances were detected from sludge after a wash step to remove FNA (t = 30 
mins). White sections within the heatmap indicate that the log2(FC) changes were 
not significant according to the stringency criteria applied across triplicates (p ≤ 
0.05.). Green represents a negative log2(FC) fold change and red represents a 
positive log2(FC).   
  
Of the DNA repair enzymes, the most upregulated enzyme on FNA exposure 
was the phosphoglycolate phosphate enzyme, which has been previously shown to 
be induced by oxidative stress in E.coli (Figure 4.8.) [253]. The single stranded DNA 
binding protein, known for its role in DNA repair, was seen to be downregulated after 
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protein that wraps around DNA to stabilise it under extreme conditions, was seen to 
change in regulation over various FNA concentrations [255]. However, once FNA 
was removed, DNA repair proteins were downregulated particularly DNA-binding 
protein HU-beta. This suggests that perhaps the removal of FNA led to a reduction in 
FNA induced DNA damage leading to a downregulation of this DNA repair enzyme.  
   
 Phosphate-binding protein PstS, known for its response to DNA damage was 
seen to be upregulated initially on exposure to 0.93 and 1.1 mg/L FNA-N, but was 
later seen to be downregulated on exposure to higher concentrations of FNA (84.9.) 
[256]. The upregulation of these DNA and protein repair enzymes implicates that 
FNA causes DNA and protein instability in the cell and that Nitrosomonas uses 
various mechanisms to stabilize these components.  
 
4.2.4. Suppression of phage related lysogenisation and an upregulation of 
osmotic stress response.  
 The HflC and HflK enzymes known to modulate FtsH protease were seen to 
be upregulated on exposure to increasing FNA concentrations as shown in Figure 
4.9. HflC and HflK in E.coli inhibit the FtsH mediated proteolysis of the bacteriophage 
lamda cll protein required for the establishment of phage lysogenization [257]. Thus 
within Nitrosomonas there is an increased inhibition of phage lysogenization as the 
FNA concentration is increased as shown in Figure 4.9. Multiple chaperon protein 
DnaK derived from Ns166, NsN, NsMo and Ns95 (Figure 4.9.) were seen to be 
upregulated with increasing FNA concentration as shown in Figure 4.9. The 
chaperone protein DnaK in E.coli has been linked to phage lambda DNA replication 
initiation [258]. Interestingly, Phage X family protein/ phage replication protein CRI 
that is known to be associated with viral DNA replication and was found to be 
downregulated on exposure to increasing FNA [217]. The CRISPR-associated 
protein Cas7 that provides antiviral defence by cleaving invading DNA was 
upregulated at 0.93 mg/L FNA-N, following which it was downregulated at increasing 
FNA concentration, suggesting that phage lysogenisation initiation was supressed at 
0.93 mg/L FNA-N [259]. The expression of these phage related proteins suggests 
that, while phage initiation of replication did occur, phage lysogenization was 
inhibited within Nitrosomonas. 
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Figure 4.9. The regulation of phage related and osmotic stress enzymes in response 
to FNA represented as log2(FC) changes. Protein expression profiles across the 
stages were compared at different time points i.e. directly after the feed (t = 5 mins), 
and at the time of the lowest pH/ highest FNA (t = 220 mins). Additionally, protein 
abundances were detected from sludge after a wash step to remove FNA (t = 30 
mins). White sections within the heatmap indicate that the log2(FC) changes were 
not significant according to the stringency criteria applied across triplicates (p ≤ 
0.05.). Green represents a negative log2(FC) fold change and red represents a 
positive log2(FC).   
 The osmotically-inducible protein Y, is a periplasmic protein known to be 
induced by hyperosmotic stress, and was upregulated on exposure to FNA, 
suggesting the occurrence of osmotic stress [260]. The upregulation of osmotic 
proteins could possibly be due to increased ammonium and nitrite concentration in 
the SBR, as the concentration of ammonium and nitrite increased in each 
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4.3.4.5. Biofilm formation/Pathogenesis and Proteolysis 
 
Figure 4.10. The enzymes involved in biofilm formation and 
proteolysis/pathogenesis that have changed expression patterns on exposure to 
FNA represented as log2(FC) changes. Protein expression profiles across the stages 
were compared at different time points, i.e. directly after the feed (t = 5 mins), and at 
the time of the lowest pH/ highest FNA (t = 220 mins). Additionally, protein 
abundances were detected from sludge after a wash step to remove FNA (t = 30 
mins). White sections within the heatmap indicate that the log2(FC) changes were 
not significant according to the stringency criteria applied across triplicates (p ≤ 
0.05.). Green represents a negative log2(FC) fold change and red represents a 
positive log2(FC).   
 
 Among the proteins involved in biofilm formation, alginate export plays an 
important role in the export of alginate, an extracellular polysaccharide involved in 
biofilm formation [261]. This protein was upregulated on exposure to FNA but was 
downregulated when FNA was removed (Figure 4.10). Beta-lactamase hydrolase-
like proteins are seen to play a role in biofilm development [262].  They were 
differentially expressed on increasing FNA concentration depending on the 
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proteins involved in biofilm formation strongly suggests that FNA exposure induces 
biofilm formation as a protective mechanism within Nitrosomonas. A number of 
proteins involved in pathogenesis and/or proteolysis were seen to have changed 
regulation on exposure to increasing FNA concentration. The upregulated proteases 
include a periplasmic serine endoprotease DegP and an ATP-dependent protease 
subunit HslV. These proteases degrade denatured and unfolded or misfolded 
proteins following stress conditions [263, 264]. Other proteins upregulated include 
the secretory immunoglobulin A-binding protein EsiB, a novel pathogenic protein that 
in E.coli has been known to decrease the generation of ROS from neutrophils in 
humans [265]. Other proteins involved in pathogenesis and or proteolysis that had 
marked downregulation in their expression levels include the putative zinc protease 
derived from Ns95 and Ns80. These enzymes are involved in pathogenesis, as they 
have been shown to be involved in the production of the cyclic bacteriocin subtilosin 
in Bacillus subtilis [266].  
 
4.2.6. Sequestration of Iron and copper inside the cell. 
 A number of proteins involved in iron regulation have altered expression. The 
enzyme AhpC was upregulated on exposure to increasing FNA concentration. 
Mutation studies on AhpC have shown reduced secretion of the siderophore – 
enterobactin, and thus a reduction in the accumulation of iron in low growth 
conditions [235]. This strongly suggests that AhpC upregulation allows for the 
secretion of siderophore necessary for maintenance of internal iron homeostasis. 
The Fe/S biogenesis protein NfuA, involved in iron sulfur cluster biogenesis under 
severe conditions of oxidative stress or iron starvation was upregulated on 
increasing FNA concentration [238]. The multidrug resistance protein mexA, known 
for its role in the secretion of the siderophore pyoverdine, was upregulated on 
exposure to increasing FNA concentration strongly suggesting decreased iron 
bioavailability within Nitrosomonas [212]. PKHD-type hydroxylase, another enzyme 
involved in cellular iron homeostasis was upregulated on FNA exposure of 1.78 mg/L 
FNA-N [267]. Cysteine desulfurase SufS, involved in the biosynthesis of iron-sulphur 
clusters was upregulated on exposure to increasing FNA concentration as shown in 
Figure 4.11. [268]. The iron-storage protein bacterioferritin was upregulated on 
exposure to FNA [269]. Ferric uptake regulation protein which is a negative regulator 
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of the expression of several outer-membrane proteins including the iron transport 
operon was upregulated on increasing FNA concentration [270]. Iron-sulfur cluster 
carrier protein which binds and transfers iron-sulfur (Fe-S) clusters to target 
apoproteins was downregulated on increasing FNA concentration [212]. The FeS 
cluster assembly protein SufB, known to have a dual function of assembly as well as 
facilitating iron uptake from extracellular iron chelators, was downregulated [271]. 
Glutaredoxin-4 involved in the biogenesis of iron-sulfur clusters was downregulated 
on exposure to increasing FNA concentrations [212].  
 
Figure 4.11. The iron and copper regulatory enzymes that have changed regulation 
on exposure to FNA represented as log2(FC) changes. Protein expression profiles 
across the stages were compared at different time points i.e. directly after the feed (t 
= 5 mins), and at the time of the lowest pH/ highest FNA (t = 220 mins). Additionally, 
protein abundances were detected from sludge after a wash step to remove FNA (t = 
30 mins). White sections within the heatmap indicate that the log2(FC) changes were 
not significant according to the stringency criteria applied across triplicates (p ≤ 
0.05.). Green represents a negative log2(FC) fold change and red represents a 
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 Copper transport protein YcnJ was seen to be upregulated on exposure to 
increasing FNA concentrations. This protein is involved in the uptake of extracellular 
oxidized copper under copper-limiting conditions [272]. Copper resistance protein A, 
which mediates copper resistance by sequestration of copper in the periplasm was 
also seen to be upregulated in the perturbed conditions [212]. Copper resistance 
protein D, involved in copper sequestering was upregulated on exposure to FNA 
[273]. Metal-binding protein SmbP known for its role in copper management in N. 
europaea was another protein seen to be upregulated [274]. Other proteins involved 
in copper homeostasis and intracellular sequestration copper ions included 
multicopper oxidase mco and copper chaperone CopZ [212, 275]. There was 
increased in the upregulation of these proteins on increasing FNA concentration.  
  
 The upregulation of these iron and copper regulating enzymes strongly 
suggest that iron and copper bioavailability have decreased on FNA exposure within 
the Nitrosomonas cell. Nitrosomonas have a high iron requirement evidenced by the 
over 90 genes dedicated to Fe acquisition [26]. Additionally, copper bioavailability 
within Nitrosomonas is important as copper has been known to increase the activity 
of ammonia monooxygenase (ammonia oxidation) activity by 5-15 fold in 
Nitrosomonas europaea [229]. However to prevent copper toxicity while facilitating 
copper utilization, Nitrosomonas expresses the copper resistance proteins A and D 




 This study aimed to study the underlying mechanisms that govern the 
tolerance of AOB to FNA. Key findings in this study showed that the Nitrosomonas 
genus of AOB exerted a very strong stress response on exposure to FNA (1.78 mg/L 
FNA-N). The enzymes involved in energy generation via nitrification were 
upregulated on exposure to FNA. Potentially, this upregulation contributed to 
increased energy availability to AOB that would likely have been required by the 
Nitrosomonas detected to persist in conditions of high FNA concentrations for 
modulation of its cellular responses. This study shows that the Nitrosomonas genus 
has a high innate ability to deal with oxidative stress enzymes as discussed earlier 
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(Figure 4.8.). Overall there is clear evidence showing that FNA mediates an oxidative 
stress response on Nitrosomonas possibly through ROS and RNS intermediates. 
[230]. Nitrosomonas showed strong evidence for the modulation of oxidative stress 
response, along with a robust array of DNA and protein repair enzymes, showing 
evidence of DNA and protein damage caused by FNA. There was strong evidence to 
show the suppression of phage/viral replication suggesting that FNA induced phage 
lysogenisation. In addition, FNA targeted iron and copper sites within the cells as 
evidenced by the steep upregulation of iron and copper transport proteins. The figure 
below (Figure 4.12) illustrates an overview of the possible mode of actions of FNA 
and the mechanisms of persistence within Nitrosomonas. 
 
 
Figure 4.12. Overview of sequential steps of the biocidal action of FNA on 
Nitrosomonas followed by the cellular response mechanisms of persistence within 
Nitrosomonas from the entry of FNA and the biocidal effects of FNA within the cell to 
the cellular responses induced by FNA on Nitrosomonas. ROS: reactive oxygen 
species, RNS: reactive nitrogen species.  
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Chapter 5 Research outcome - Objective 2: Studying the sensitivity 
of NOB to the biocide FNA. 
5.1. Results  
5.1.1. Reactor performance 
 The reactor was operated for nitrite oxidation in three main stages i.e. Stage 
1-3. In Stage 1, the highest accumulated nitrite concentration at the end of feeding 
stage i.e. 260 mins was 3.27 mg/L NO2-N. The calculated FNA achieved in the 
reactor was 0.002 mg/L FNA-N as shown in Table 5.1. (calculated from equation (i)). 
In stage 2, the feed time was reduced to 127 mins, which resulted in a concentration 
of 0.006 mg/L FNA-N at the end of feeding stage (127 minutes). For Stage 3, the 
feed time was further reduced to 122 minutes, which resulted in a nitrite 
concentration accumulation of 27.63 mg/L NO2-N and a corresponding FNA 
concentration of 0.021 mg/L FNA-N at the end of feeding stage (122 minutes). At this 
stage, evidence of NOB inhibition was observed through the increase in nitrite 
concentration at the end of the feed period (Figure 5.1).  
 
Table 5.1. The various stable operational stages i.e. 1-3, achieved with 
corresponding FNA concentrations at the end of each feed period.  
 
 
 Further reduction in feed time to 120 minutes was attempted but it resulted in 
increased stress conditions on NOB whereby nitrite oxidation was completely 
inhibited by the accumulated FNA at the end of feeding. This observation was in 
agreement with previous studies that showed a biosynthetic inhibition on NOB at 
0.05 mg/L FNA-N threshold of tolerance of NOB to FNA [1, 109].  
 
 
Stage	1 260 3.27 0.002
Stage	2 127 8.06 0.006
Stage	3 122 27.63 0.021
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Figure 5.1. Nitrite concentration profiles during cycles of the SBR operation across 
the different feed stages. i.e. Stages 1, 2 and 3. The corresponding FNA 
concentrations were calculated at pH 6.5, which was the operating pH of the reactor. 
The arrow bars represent standard deviation.  
 
5.1.2. Microbial community compositions during the SBR operation stages 
 The SBR being fed with a limiting growth media containing nitrite and no 
carbon allowed for the enrichment of NOB (Section 3.1.2.). As anticipated the 
dominant bacterial population derived from MG-RAST analysis belonged to the 
known nitrite oxidiser genus Nitrobacter.  The MG-RAST analysis showed that the 
Nitrobacter genus represented 46.71%, 38.25% and 40.66 % of the total microbial 
community present in the reactor at the 3 different stages i.e. stage 1-3 of FNA 
treatment as shown in Figure 5.2 [197]. Other NOB genera detected in low 
abundance belonged to Nitrococcus and Nitrospira accounting for less than 0.3% 
and 0.001% of the total microbial composition in all stages showing that conditions 
within the SBR did not favor the growth of these microorganisms. Other nitrifiers 
detected in the reactor included the AOBs Nitrosomonas (AOB), Nitrosococcus 
(AOB), Nitrosospira (AOB) and the AOA Nitrosopumilus albeit at low abundances 
(>2% of total). The complete microbial community profile of stage 1-3 are accessible 






Stage 3: 122 mins 
(0.021 mg/L FNA-N)
Stage 2: 127 mins 
(0.006 mg/L FNA-N)
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on the MG-RAST server using the accession numbers mgm4687117.3, 
mgm4687118.3 and mgm4687116.3 respectively [197]. 
 
Figure 5.2. The different genera that represent the microbial community composition 
at the different stages i.e. Stage 1-3 of the reactor operation as derived from MG-
RAST analysis(Section 3.1.2.).  
5.1.3. Nitrifier populations genomes detected in the reactor 
 Metagenomics reads were assembled as described in section 3.3. For the 
assembly of raw reads and population genome binning, two different bioinformatic 
pipelines were used. Briefly, metagenomic pipeline 1 and 3 (Figure 3.4.) was used to 
process the raw metagenomic reads. Four NOB population genome bins belonging 
to the Nitrobacter genus (<75% completeness) and 2 AOB genome bins belonging to 
the Nitrosomonas genus were binned as shown in Table 5.2.  A custom gene 
sequence database was created by annotating the reactor genomes using prokka 
[208] and inclusion of pure culture nitrifier genomes downloaded from Genbank 
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Table 5.2. Nitrifier population genome bins generated from the 3 different stages of 
the SBR reactor using the two different bioinformatic pipelines and the publically 
available nitrifier genomes downloaded from Genbank that have been added to 
create a custom database for metaproteomic analyses.  
 
 
5.1.4. Metaproteomic responses of nitrifiers to FNA.  
 Metaproteomic investigations of the nitrifiers were carried out at all stages i.e. 
Stage 1-3 of the SBR. Using the ProteinPilot™ software a total of 512 proteins were 
identified against the custom database at a global FDR of 1%. The SWATH files 
generated from the Peak View software were analysed using the R-package MSstats 
against a p-value stringency of ≤0.05 across triplicates of which a total of 432 
proteins were identified to have changed expression levels. Of these, 413 were 
derived from Nitrobacter genus whereas the other 19 were Nitrosomonas genus 




NOB Nitrobacter Nb94 94.43 CLC/GroopM
Nitrobacter Nb97 97.68 CLC/GroopM
Nitrobacter Nb98 9848 metaSpades/metabat
Nitrobacter Nb99 99.47 metaSpades/metabat
AOB Nitrosomonas Ns77 77.35 CLC/GroopM
Nitrosomonas Ns95 95.26 metaSpades/metabat
NOB Nitrobacter winogradskyi Nb
Nitrobacter sp. Nb-311A Nb311A
Nitrobacter hamburgensis NbH
Nitrobacter Vulgaris NbV
AOB Nitrosomonas aestuarii NsA









Nitrosomonas sp. AL212 NsAL
Nitrosomonas sp. Is79A3 Ns79
Nitrosomoans sp. Nm33 Ns33
Nitrosomonas sp. Nm34 Ns34
Nitrosomonas sp. Nm51 Ns51
Nitrosomonas sp. Nm58 Ns58
Nitrosomonas sp. Nm132 Ns132
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Figure 5.3. The number of proteins identified from metaproteomic investigation 
before and after the stringency checks and the corresponding nitrifier genera i.e. 
Nitrobacter or Nitrosomonas they belong to.  
 
 The quantitative SWATH-MS detailed below show the various responses of 




 Quantitative metaproteomic investigation was carried out by comparing the 
change in protein expression levels between stage 1 to the protein expression in 
Stage 2 and 3 of the reactor. These changes in protein expressions are represented 
as normalized log2 fold changes. The proteome expression of the Nitrobacter and 
Nitrosomonas genera had changes in response to exposure of FNA, which are 
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5.2.1. Stress responses within the Nitrobacter genus:  
5.2.1.1. Changed levels of enzymes involved in oxidative stress.  
 Nitrobacter like any other aerobic bacteria have natural oxidative and 
nitrosative stress enzymes that convert superoxide and hydroperoxides into 
innocuous products. However, some Nitrobacter species like N. winogradskyi lack 
key enzymes present in other aerobic AOB such as catalases and cytochrome c 
peroxidase [195]. SOD is known to act as a strong antioxidant wherein it converts 
two molecules of superoxide to oxygen and hydrogen peroxide. Hydrogen peroxide 
is removed by catalase and peroxidase enzymes which Nitrobacter lack and thus its 
lower ability to tolerate oxidative stress [231]. Within the SBR a SOD derived from 
Nb99 was upregulated at 0 mins at the start of the feed in both stage 2 and 3 (Figure 
5.4.). However, no detectable fold change in protein expression was observed at 
other time points. A SOD for Nb98 was seen to be downregulated on exposure to 
increasing FNA concentrations. The catalase enzymes although present in the NsW 
and Nb94 did not have any detectable changes in expression levels across the 
different conditions. Catalase enzyme is known to remove the toxic build-up of 
hydrogen peroxide produced from SOD [278, 279]. This reaction is mediated by the 
presence of iron or copper ions (Fe2+, Cu2+) in living cells [280], which are seen to 
have lowered bioavailability for these Nitrobacter in the presence of FNA (Section 
5.3.5.1.8. ). Peptide methionine sulfoxide reductase (MsrA) is an enzyme that repairs 
proteins inactivated by oxidation [237, 281]. Interestingly, MsrA was downregulated 
on exposure to FNA suggesting that perhaps repair of damaged proteins did not take 
place on exposure to increasing FNA concentration. The key antioxidant protein 
thioredoxin involved in the oxidative stress response in plants and mammalian 
endothelial cells, was upregulated after feed but no log fold changes from the Stage 
1 was observed at the other time points [282, 283]. Thioredoxin-1 is an enzyme that 
is known to be involved in the cellular responses to oxidative stress [212]. This was 
seen to be downregulated on exposure to increasing FNA concentration.  
  
 The enzyme cytochrome c oxidase has been known to produce oxidative 
stress on mouse via ROS [284, 285]. It was observed that the cytochrome c oxidase 
subunit 2 (Nb99) on exposure to increasing FNA concentrations i.e. at the end of 
feeding. Interestingly the same protein derived from Nb98 was upregulated at 157 
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mins (Stage 2) showing varying responses in different populations of Nitrobacter to 
FNA. S-adenosylmethionine synthase is an enzyme known to produce S-
adenosylmethionine, an important methyl donor for methylation of DNA, RNA, 
proteins and other macromolecules essential for normal gene regulation [286]. S-
adenosylmethionine, another enzyme involved in preventing oxidative stress in mice 
was downregulated on exposure to increasing FNA concentration in Stage 3 [287, 
288].  
  
 Overall Nitrobacter shows a poor response to oxidative stress induced by 
FNA. This could be a weakness with regards to its ability to withstand FNA exposure 
as evidenced by the low tolerance to FNA i.e. 0.021 mg/L FNA-N in this study.  
 
Figure 5.4. Change in abundance of enzymes involved in oxidative stress at the 
different stages of the SBR operation. These abundance levels are represented as 
log2(FC) detected in stage 2 and 3 compared to stage 1. Within stage 2 and 3, the 
127 mins and 122 mins time point correspond to the end of the feeding cycle and the 
highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 respectively 
correspond to 30 mins after the highest FNA concentration was achieved. White 
sections within the heatmap indicate the protein log2(FC) where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue 
represents a negative log2(FC) and red represents a positive log2(FC).  White 
sections within the heatmap represent data wherein triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) and red 
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5.2.1.2. Enzymes involved in nitrogen metabolism/ energy generation 
 Changed protein expression of various enzymes involved in nitrogen 
metabolism was observed. NCBI protein blasts of nitrate reductases derived from 
Nb99, NbH, NbW, Nb98, NbV and Nb97 reveal 100% similarity to known nitrite 
oxidoreductase derived from Nitrobacter genuses. The nitrate reductases detected in 
our Nitrobacter genome bins (annotated using the prokka tool) have very close 
sequence similarity to nitrite oxidoreductase. Close genetic relationships to nitrite 
oxidoreductase in NOB to nitrite reductases in E.coli [289]. Nitrite oxidoreductase 
have been known to act as nitrate reductases under anaerobic conditions [290]. 
Since the SBR conditions were aerobic for the time points of this study, the activity of 
these enzymes is thus suggested to work favorably towards the oxidation of nitrite. 
Nitrate reductase derived from Nb99, NbH and NbW was seen to be upregulated on 
exposure to FNA whereas the protein derived from Ns98, NbV and Nb97 was 
downregulated as shown in Figure 5.5 in both stages. This suggests that nitrite 
oxidation was upregulated in the Nb99 and NbH Nitrobacter populations indicating 
that different populations of Nitrobacter responded differently to FNA induced stress.   
 
 Nitrogen regulatory protein P-II derived from Ns99 was seen to have a 
changed expression in response to FNA [291]. Nitrogen regulatory protein P-II is 
involved in the positive regulation of glutamine synthetase, which is an enzyme that 
is involved in the formation of the amino acid glutamine from glutamate and 
ammonia [217]. Cytochrome c552, a nitrite reductase enzyme well studied in E.coli 
catalyses the denitrification reduction of nitrite to ammonia [292]. Cytochrome c552 
derived from Nb98 was downregulated in both stage 2 and 3 as shown in Figure 5.5. 
However cytochrome c552 derived from Nb99 was upregulated (Stage 3) on exposure 
to 0.021 mg/L FNA-N showing once again that different Nitrobacter populations 
behave differently to FNA induced stress. The copper-containing nitrite reductase 
derived from Nb99 and Nb98 were downregulated on increasing exposure to FNA 
(Stage 3) suggesting that FNA inhibited denitrification. The Nitrobacter population 
Nb99 and NbH seem to be the only populations that seem to be able to generate 
energy via nitrite oxidation as shown by the increased expression of the nitrate 
reductase protein as shown in the heatmap.  
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Figure 5.5. Change in abundance of enzymes involved in nitrogen metabolism at the 
different stages of the SBR operation. These abundance levels are represented as 
log2(FC) detected in stage 2 and 3 compared to stage 1. Within stage 2 and 3, the 
127 mins and 122 mins time point correspond to the end of the feeding cycle and the 
highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 respectively 
correspond to 30 mins after the highest FNA concentration was achieved. White 
sections within the heatmap indicate the protein log2(FC) where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue 
represents a negative log2(FC) and red represents a positive log2(FC).  White 
sections within the heatmap represent data wherein triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) and red 
represents a positive log2(FC).   
 
5.2.1.3.  Enzymes involved in bacterial respiration:  
 Increased FNA concentrations in stage 2 and stage 3 changed the expression 
of key enzymes involved in energy generation within Nitrobacter.  
 
5.2.1.3.1.  Oxidative phosphorylation 
 Cytochrome c apart from its antioxidative function is also an electron carrier 
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to be upregulated in Stage 3 after 30 minutes of exposure to the highest FNA 
concentration as shown in Figure 5.7. [212]. Bacterial aa3 type cytochrome c 
oxidase subunit IV derived from Nb98, N99 and N94 were down regulated on 
exposure to increasing FNA concentrations as shown in Figure 5.6. and Figure 5.7. 
These enzymes are part of the cytochrome c oxidase complex (Complex IV) which 
apart from being an integral membrane component are also involved in the 
generation of the proton gradient for ATP generation as shown in Figure 5.6. [293]. 
Cytochrome c oxidase subunit 2, part of the cytochrome IV complex was 
downregulated on FNA exposure [294]. Cytochrome b/c1 (Complex III) is an enzyme 
involved in ATP generation via oxidative phosphorylation (Figure 5.6.) was 
downregulated on exposure to FNA (Figure 5.7)  [295]. Cytochrome c2 which is a 
mobile electron donor in the respiratory chain was upregulated in stage 2 but was 
downregulated in stage 3 on increasing FNA concentration as shown in Figure 5.7 
[212, 296].  
 
 ATP synthase alpha, gamma and beta chain and ATP synthase epsilon chain 
which are part of the ATP synthase complex involved in ATP generation by proton 
gradient across the membrane was seen to be downregulated on exposure to 
increasing FNA (Stage 3) concentration as shown in Figure 5.7. [212, 297].   
 
 Overall the generation of ATP synthase subunits were downregulated 
showing that ATP generation was inhibited within Nitrobacter on exposure to FNA 
particularly at 0.271 mg/L FNA-N (Stage 3).  
 
 
Figure 5.6. Overview of the oxidative phosphorylation steps in Nitrobacter. The 
green represents the different cytochrome complexes of Nitrobacter. The green NXR 
represent the nitrite oxidoreductase and the yellow represent the ATP synthase. 
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5.2.1.3.2.  Glycolysis 
Glyceraldehyde-3-phosphate dehydrogenase 1 derived from NbV was upregulated 
on increasing FNA concentrations in Stage 2 and Stage 3 as shown in Figure 5.7., 
whereas the same enzyme derived from Nb99 was downregulated. This enzyme is 
involved in the 6th step of glycolysis [298]. Pyruvate kinase and phosphoglycerate 
kinase were downregulated on upregulated on increasing FNA exposure (Stage 3) 
as shown in Figure 5.7. Both these enzymes are known to be involved in the energy 
generation via glycolysis [299, 300]. Other enzymes involved in the generation of 
energy via glycolysis were all downregulated on increasing FNA concentrations as 
shown in Figure 5.7. These included malate dehydrogenase, triosephosphate 
isomerase and fructose-bisphosphate [212, 301, 302]. 
 
5.2.1.3.3.  TCA cycle 
 Succinate dehydrogenase, a TCA cycle enzyme involved in energy 
generation during aerobic phase was downregulated on exposure to increasing FNA 
in both stage 2 and stage 3 as shown in Figure 5.7. [303]. Acetyl-coenzyme A 
synthetase involved in energy generation via the TCA cycle was downregualted on 
FNA exposure [304]. Trans-aconitate 2-methyltransferase an energy generation 
inhibitor of aconitase which is a key enzyme in the TCA cycle was seen to be 
downregulated on increasing FNA (Figure 5.7.) concentration suggesting that the 
conversion of citrate to isocitrate was not inhibited [305]. The central role of the TCA 
cycle is to breakdown organic molecules such as glucose for energy generation in 
ATP. The generation of energy via organic molecules is highly downregulated as 
seen in Figure 5.7., suggesting that FNA inhibits energy generation via TCA cycle.  
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Figure 5.7. Change in abundance of enzymes involved in cellular respiration at the 
different stages of the SBR operation. These abundance levels are represented as 
log2(FC) detected in stage 2 and 3 compared to stage 1. Within stage 2 and 3, the 
127 mins and 122 mins time point correspond to the end of the feeding cycle and the 
highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 respectively 
correspond to 30 mins after the highest FNA concentration was achieved. White 
sections within the heatmap indicate the protein log2(FC) where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue 
represents a negative log2(FC) and red represents a positive log2(FC).  White 
sections within the heatmap represent data wherein triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) and red 
represents a positive log2(FC).   
 
5.2.1.4.  Enzymes involved in cell structure and biofilm formation: 
 A number of enzymes involved in cell structure were upregulated on exposure 
to FNA within the Nitrobacter genus. Endo-1,3-1,4-beta-glycanase ExsH known for 
its role in exopolysaccharide biosynthesis [306], was upregulated on exposure to 
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beta-barrel domain protein derived from Nb99 was upregulated on exposure to FNA 
compared to those derived from Nb98, which were mainly downregulated on FNA 
exposure. Outer membrane protein beta-barrel domains are proteins with versatile 
function and are essential as they include transport of metabolites and toxins as well 
as are involved in membrane biogenesis [307]. Membrane fusogenic activity was 
also upregulated (Figure 5.8.), suggesting that there was damage on the surface of 
the cell. Among other proteins involved in outer membrane assembly, the outer 
membrane protein assembly factor BamA, known for its role in the insertion of beta-
barrel proteins into the outer cell membrane was upregulated on increasing FNA 
exposure [308]. 
 
 The epimerase dTDP-4-dehydrorhamnose 3,5-epimerase, involved in outer 
membrane lipopolysaccharide biosynthesis formation was downregulated on 
exposure to increasing concentrations of FNA (Figure 5.8.) [309]. Other cell structure 
proteins downregualted on increasing exposure to FNA include outer membrane 
lipoprotein Omp16 and inner membrane protein YbhL as shown in Figure 5.8. BolA-
like protein on exposure to increasing FNA concentration was upregulated initially 
but on exposure to increasing FNA concentration it was downregulated significantly 
up to a log2(FC) of -7.2 as shown in Figure 5.8.  BolA proteins in E.coli have 
increased expression under stress conditions and have been linked to biofilm 
formation induction and changes in outer membrane making it less permeable to 
harmful agents [310]. Biofilm production is a common strategy for stress responses 
[311]. 
  
 Overall, enzymes involved in the formation of the structural components of the 
cell had a positive change in regulation on exposure to FNA. However, enzymes 
involved in biofilm formation in Nitrobacter were severely downregulated after 30 
mins of highest FNA concentration as shown in Figure 5.8. This suggests that FNA 
causes damage to the cell structure and thus induces Nitrobacter to upregulate 
structural proteins involved in the maintenance of cell membrane structure.  
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Figure 5.8. Change in expression of enzymes involved in cell structure and enzymes 
involved in biofilm formation at the different stages of the SBR operation. These 
abundance levels are represented as log2(FC) detected in stage 2 and 3 compared 
to stage 1. Within stage 2 and 3, the 127 mins and 122 mins time point correspond 
to the end of the feeding cycle and the highest FNA concentration. 157 mins and 152 
mins of stages 2 and 3 respectively correspond to 30 mins after the highest FNA 
concentration was achieved. White sections within the heatmap indicate the protein 
log2(FC) where no fold change was detected or when triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represents a negative log2(FC) and red 
represents a positive log2(FC).  White sections within the heatmap represent data 
wherein triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue represent 
a negative log2(FC) and red represents a positive log2(FC).   
 
5.2.1.5.  Membrane transport proteins 
 Membrane transport proteins were seen to have changed expression in 
response to increasing FNA concentration particularly transmembrane porins as 
shown in Figure 5.9. Porins have varied functions from uptake of siderophores to the 
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the passive diffusion of low small molecular weight hydrophilic materials across the 
outer membrane [313]. These proteins were upregulated on exposure to increasing 
FNA concentration as shown in Stage 2 and 3. The Porin family protein, involved in 
the transport of small Ions/small molecules across membrane [212], was upregulated 
on exposure to FNA as shown in Figure 5.9. Another transporter protein involved in 
amino acid transport i.e. putative amino-acid ABC transporter-binding protein YhdW 
showed an upregulation of this protein as shown in Figure 5.9. [212].  The amino 
acid transport protein Leu/Ile/Val/Thr-binding protein which transports branched-
chain amino acids across the cell membrane [314], was observed to have a 
fluctuation in its regulation in stage 2 but changes were not detected in stage 3 as 
shown in Figure 5.9. Putative amino-acid ABC transporter-binding protein YhdW 
which is a part of the binding-protein-dependent transport system YdhWXYZ used 
for amino acid transfer was severely downregualted on increasing FNA exposure 
[212]. Protein-export protein SecB, one of the proteins required for the normal export 
of some preproteins out of the cell cytoplasm was also severely downregulated in 
stage 3 of the reactor [315]. 
 
 Putative formate transporter, a formate transmembrane transporter [217], was 
also seen to have higher expression on exposure to FNA as seen in Stage 3. 
Oligopeptide-binding protein AppA a component of an oligopeptide permease 
involved in peptide transporter activity, had varied regulation on exposure to FNA. 
Ferrichrome receptor FcuA, a receptor for ferrichrome, a hydroxamate siderophore 
was seen to be upregulated on exposure to FNA [212, 316]. Putative TonB-
dependent receptors BfrD are membrane proteins that are involved in iron transport 
via siderophore complexes into the cell showing that increase in FNA exposure 
requires more iron to be pumped into the cell.  
 
 V-type sodium ATPase catalytic subunit A which is involved in ATP-driven 
sodium extrusion was seen to be upregulated in Stage 2 [212]. Alpha-keto acid-
binding periplasmic protein TakP which takes part of the tripartite ATP-independent 
periplasmic uptake of alpha-keto acids [317], was seen to be down regulated in 
Stage 3 30 minutes after highest FNA concentration was reached. Vitamin B12 
transporter BtuB, involved in the active translocation of vitamin B12 
(cyanocobalamin) across the outer membrane to the periplasmic space was seen to 
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be downregualted after 30 mins exposure to high FNA concentration [318]. There 
was evidence to suggests that Nitrobacter responded to FNA induced stress 
conditions by upregulating proteins that were involved in ion transport. There was 
evidence for the upregulation of siderophore transport proteins that showed lowered 
iron bioavailability within Nitrobacter due to FNA exposure similar to that seen in  
Nitrosomonas on exposure to FNA as discussed in Chapter 4.   
 
Figure 5.9. Change in expression of enzymes involved in membrane transport at the 
different stages of the SBR operation. These abundance levels are represented as 
log2(FC) detected in stage 2 and 3 compared to stage 1. Within stage 2 and 3, the 
127 mins and 122 mins time point correspond to the end of the feeding cycle and the 
highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 respectively 
correspond to 30 mins after the highest FNA concentration was achieved. White 
sections within the heatmap indicate the protein log2(FC) where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue 
represents a negative log2(FC) and red represents a positive log2(FC).  White 
sections within the heatmap represent data wherein triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) and red 
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5.2.1.6.  Other stress responses  
 Phage related enzymes chaperone protein DnaK plays an essential role in 
phage lambda DNA replication [212]. Interestingly, this enzyme was downregulated 
on exposure to FNA suggesting that perhaps FNA did not initiate phage-induced 
lysis of Nitrobacter as shown in Figure 5.10. Of the proteins with known DNA repair 
functions only the FK506-binding protein was detected. FK506-binding protein in the 
fruit fly Drosophila melanogaster was observed to an essential enzyme for DNA 
repair [319]. This enzyme derived from Nb99 and Nb98 was downregulated on 
exposure to FNA suggesting that perhaps DNA damage induced by FNA was not 
repaired contributing to the lowered tolerance of NOB as shown in Figure 5.10. A 
slew of protein repair enzymes such as 60 and 10 kDa chaperonins were 
downregulated significantly on exposure to FNA both in stage 2 and stage 3 as 
shown in Figure 5.10. 60 kDa and 10 kDa chaperonins which are essential for the 
proper folding of proteins in bacteria were both downregulated [249]. This suggests 
that ROS and RNS induced damage on protein and enzymes, were not repaired by 
these known repair enzymes [230, 320]. Efflux proteins i.e. multidrug resistance 
protein MdtE and CO2+/MG2+ efflux protein ApaG both derived from Nb99 were 
shown to have varied expression on exposure to FNA but little can be drawn from 
these observations as their functions have not been fully understood [212]. 
Transcriptional regulator BolA involved in regulating the transcription of BolA enzyme 
was upregulated. BolA plays an important role in general stress response 
and initiates the formation of osmotically stable round cells [321, 322]. Osmotic 
regulator enzyme Aquaporin Z 2 (Nb99), which is involved in the mediation of rapid 
entry or exit of water in response to abrupt changes in osmolarity was seen to be 
downregulated except at 152 mins (Stage 3), which corresponds to 30 mins after 
maximum FNA concentration as shown in Figure 5.10. [323]. This suggest that 
exposure to high FNA concentration i.e. 0.021 mg/L FNA-N resulted in osmotic 
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Figure 5.10. Change in expression of enzymes involved in stress response at the 
different stages of the SBR operation. These abundance levels are represented as 
log2(FC) detected in stage 2 and 3 compared to stage 1. In stages 2 and 3, 0 mins 
and 30 mins time points represent the beginning of the feed stage. Within stage 2 
and 3, the 127 mins and 122 mins time point correspond to the end of the feeding 
cycle and the highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 
respectively correspond to 30 mins after the highest FNA concentration was 
achieved. White sections within the heatmap indicate the protein log2(FC) where no 
fold change was detected or when triplicates did not meet the stringency levels of p ≤ 
0.05. Dark blue represents a negative log2(FC) and red represents a positive 
log2(FC).  White sections within the heatmap represent data wherein triplicates did 
not meet the stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) 
and red represents a positive log2(FC).   
 The overall stress response within Nitrobacter was weak as evidenced by the 
downregulation of most stress related proteins (Figure 5.10.). The only protein that 
was significantly upregulated after 30 mins at highest FNA concentration was the 
osmotic regulator (Stage 3), which is involved in water transfer across the cell 
membrane. This signifies that there was some introduction of osmotic stress on 
Nitrobacter and that the organism did not have a good set of stress enzymes to deal 
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5.2.1.7.  Enzymes involved in Replication/Transcription/Translation 
 The DNA replication enzyme i.e. DNA polymerase III was upregulated on 
exposure to FNA as shown in Figure 5.11. DNA polymerase III subunit beta is known 
for its role in DNA strand elongation during DNA replication [324].  
 
 Expression of enzymes involved in transcription were regulated differently to 
FNA exposure. Putative transcriptional regulatory protein pdtaR, which acts as a 
transcriptional antitermination transcription antitermination enzyme were upregulated 
on exposure to high FNA as shown in Figure 5.11 [212, 325]. The PRC-barrel 
domain protein is known for its role in RNA processing [326]. This protein was 
upregulated at both stage 2 and 3 as shown in Figure 5.11. DNA-directed RNA 
polymerase subunit alpha which catalyses the transcription of DNA into RNA using 
the four ribonucleoside triphosphates as substrates, was also upregulated on FNA 
exposure [212]. Other enzymes that were downregulated on exposure to increasing 
FNA concentrations included cold shock protein CspA and pterin-4-alpha-
carbinolamine dehydratase as shown in Figure 5.11. Cold shock protein CspA. Is an 
RNA binding chaperon, known to act as a transcription antiterminator [327-329]. 
Pterin-4-alpha-carbinolamine dehydratase on the other hand is an enzyme with 
known transcription co-activator activity [330].  
 
 Enzymes involved in translation showed variation in protein expression levels. 
Translation initiation factor IF-2, Aspartate--tRNA(Asp/Asn) ligase, PRC-barrel 
domain protein, cysteine--tRNA ligase and elongation factor P were upregulated as 
shown in Figure 5.11. Translation initiation factor IF-2 is one of the three factors 
required for the initiation of protein biosynthesis in bacteria [331]. Aspartate--
tRNA(Asp/Asn) ligase  and Cysteine--tRNA ligase are tRNA ligases that are involved 
in protein translation [217]. Elongation factor P is a protein involved in the pathway 
polypeptide chain elongation was upregulated on exposure to FNA [332]. Proline--
tRNA ligase involved in prolyl-tRNA aminoacylation was upregulated on exposure to 
FNA [333]. Of the proteins downregulated, 50S ribosomal protein L7/L12 which is 
involved in translation was upregulated [334]. Other proteins that were down 
regulated include elongation factor G and elongation factor Ts which is are 
translation elongation factors [212]. Glutamyl-tRNA(Gln) amidotransferase subunit A 
another enzyme involved in translation was downregulated on FNA exposure [212].  
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Figure 5.11. Change in expression of enzymes involved in replication, transcription 
and translation at the different stages of the SBR operation. These abundance levels 
are represented as log2(FC) detected in stage 2 and 3 compared to stage 1. Within 
stage 2 and 3, the 127 mins and 122 mins time point correspond to the end of the 
feeding cycle and the highest FNA concentration. 157 mins and 152 mins of stages 2 
and 3 respectively correspond to 30 mins after the highest FNA concentration was 
achieved. White sections within the heatmap indicate the protein log2(FC) where no 
fold change was detected or when triplicates did not meet the stringency levels of p ≤ 
0.05. Dark blue represents a negative log2(FC) and red represents a positive 
log2(FC).  White sections within the heatmap represent data wherein triplicates did 
not meet the stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) 
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5.2.1.8.  Enzymes involved in Iron and copper regulation  
 The bioavailability of iron is required for the normal functioning of a 
microorganism [335].. One of the methods by which microorganisms scavenge iron 
from its environment is via chelating agents called siderophores [336]. TonB-
dependent receptors derived from Nb98 and Nb99 were upregulated on exposure to 
FNA as shown in Figure 5.12. These receptors are known to be involved in 
siderophore transport into the cells strongly suggesting the lack of bioavailable iron 
within the cell due to FNA action [217]. Another siderophore transport protein 
Ferrichrome receptor FcuA was also upregulated in both stage 2 and 3 suggesting a 
demand in cellular iron within the cell [212]. RNS species such as nitric oxide are 
known to bind to ferric iron inhibiting enzymes that require iron in their catalytic heme 
centers [337]. The enzyme Fe/S biogenesis protein NfuA, known for its role in iron 
ion starvation was seen to be upregulated at Stage 3, 30 minutes after highest FNA 
concentration was reached [238]. Of the other proteins involved in iron metabolism, 
the heme degrading proteins i.e. heme oxygenase and heme-degrading 
monooxygenase which use host heme as an iron source had varied changes in 
expression [212]. Heme oxygenase was downregualted and heme-degrading 
monooxygenease was upregulated on exposure to FNA suggesting the degradation 
of heme was carried out to meet the iron needs within Nitrobacter. Enzymes involved 
in Fe-S cluster biogenesis had changed expression. FeS custer assembly protein 
SufD was upregulated in Stage 2 compared to Stage1. Other proteins involved in 
FeS cluster proteins such as Glutaredoxin 4 and Ferredoxin-6 were down regulated. 
Fe-S containing proteins such as nitrate reductase had varied responses to 
increasing FNA concentration (Figure 5.12.). Cytochrome c6 was upregulated 
whereas succinate dehydrogenease iron-sulfur subunit was downregualted after 
exposure to FNA [212].  
 
 Multicopper oxidase MmcO is an enzyme that is required for copper 
resistance since copper has natural bactericidal properties [338]. It was 
downregulated on exposure to FNA compared to stage 1 within Nitrobacter as 
shown in Figure 5.12. Copper containing nitrite reductase which are involved in the 
denitrification step and are known to be activated under anaerobic conditions in 
Nitrobacter [339]. 
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 Iron is essential for the normal functioning of a microorganism particularly for 
Nitrobacter since nitrite oxidation occurs via the iron-sulfur protein nitrite 
oxidoreductase. FNA as seen in Nitrosomonas (Chapter 4), reduces cellular iron 
bioavailability. Similarly, within Nitrobacter evidence for the reduction in cellular iron 
bioavailability was observed by the upregulation of siderophore transport enzymes 




Figure 5.12. Change in expression of enzymes involved in cellular iron and copper 
regulation at the different stages of the SBR operation. These abundance levels are 
represented as log2(FC) detected in stage 2 and 3 compared to stage 1. Within 
stage 2 and 3, the 127 mins and 122 mins time point correspond to the end of the 
feeding cycle and the highest FNA concentration. 157 mins and 152 mins of stages 2 
and 3 respectively correspond to 30 mins after the highest FNA concentration was 
achieved. White sections within the heatmap indicate the protein log2(FC) where no 
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0.05. Dark blue represents a negative log2(FC) and red represents a positive 
log2(FC).  White sections within the heatmap represent data wherein triplicates did 
not meet the stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) 
and red represents a positive log2(FC).   
5.2.2. Stress responses detected within Nitrosomonas.  
 There were 18 proteins that belonged to the Nitrosomonas genera that were 
detected with changed abundances. A majority of the proteins detected were 
upregulated on exposure to FNA as shown in Figure 5.13. Gram-negative porin 
which is involved in the transport of ions and small molecules across membrane 
[212]. Ammonia monooxygenase which is involved in energy generation by 
converting ammonia to hydroxylamine was also upregulated [340]. Copper-
containing nitrite reductase involved in the denitrification of to toxic nitrite to nitric 
oxide (an RNS) was upregulated [223]. Outer membrane porin protein involved in ion 
transport across the membrane was upregulated [212]. 60 kDa chaperonin which are 
involved in stress responses by repairing proteins and preventing misfolding was 
upregulated [212]. Putative beta-barrel porin-2, OmpL-like. bbp2 which are involved 
in the transport of ions and small molecules across the cell membrane were 
upregulated on FNA exposure [217]. Outer membrane protein slp, are involved in the 
stabilization of the outer membrane during carbon starvation and stationary phase. 
They are involved in the stability of the outer membrane during stress responses 
[212]. Bacterioferritin is an enzyme involved in cellular iron storage [269]. This 
protein was upregulated on exposure to FNA. Cytochrome P460 which converts 
hydroxylamine to nitrous oxide was also upregulated [212]. Ferrochelatase which is 
an enzyme involved in protoheme biosynthesis was upregulated on FNA exposure. It 
catalyzes the ferrous insertion into protoporphyrin IX and is Inhibited by nitric oxide 
(NO) [212].Cytochrome c6 which is an Fe-S enzyme involved in electron transfer was 
also upregulated [212]. Putative glycosyl transferase which has a transferase activity 
was upregulated [212]. Alginate export which is an enzyme involved in biofilm 
formation was also upregulated on exposure to FNA suggesting that perhaps FNA 
initiated biofilm formation [341]. Hydroxylamine oxidoreductase is an enzyme that 
converts hydroxylamine to nitrite showing that FNA did not inhibit the energy 
generation pathway of Nitrosomonas [342]. Alanine-zipper, major outer membrane 
lipoprotein is a part of the structural outer membrane lipoprotein [343].  This protein 
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was upregulated on exposure to FNA. ATP synthase subunit beta 1 which is part of 
the ATP synthase complex and involved in ATP synthesis was the only enzyme that 
was downregualted suggesting that ATP synthesis was inhibited in Nitrosomonas 
[212].   
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Figure 5.13. Change in expression of enzymes derived from Nitrosomonas genus at 
the different stages of the SBR operation. These abundance levels are represented 
as log2(FC) detected in stage 2 and 3 compared to stage 1. Within stage 2 and 3, the 
127 mins and 122 mins time point correspond to the end of the feeding cycle and the 
highest FNA concentration. 157 mins and 152 mins of stages 2 and 3 respectively 
correspond to 30 mins after the highest FNA concentration was achieved. White 
sections within the heatmap indicate the protein log2(FC) where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Dark blue 
represents a negative log2(FC) and red represents a positive log2(FC).  White 
sections within the heatmap represent data wherein triplicates did not meet the 
stringency levels of p ≤ 0.05. Dark blue represent a negative log2(FC) and red 
represents a positive log2(FC).   
 The Nitrosomonas genera of AOB have been known to survive in extreme 
conditions (air dried soils) through the enrichment of significant amounts of 
extracellular polymeric substances (EPS) for biofilm formation [344]. In this study 
Nitrosomonas genus was seen to up regulate enzymes involved in biofilm formation 
to tide over the unfavourable conditions of no ammonia present in the feed along 
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5.3. Conclusion 
 
Cellular responses of Nitrobacter genus to FNA.  
 The overall responses of Nitrobacter to FNA are weak compared to what was 
observed in AOB as shown in Chapter 4. The stress response mechanisms within 
Nitrobacter included an upregulation of enzymes involved in cell membrane 
synthesis, as well as transmembrane proteins involved in ion transport and osmotic 
stress regulation as shown in Figure 5.14. Additionally cellular iron bioavailability 
appeared to be less available which was evidenced by the upregulation of TonB-
dependent receptor BfrD enzymes that are involved in siderophore transport into the 
Nitrobacter cell. With a limited set of oxidative stress enzymes in its arsenal 
compared to AOB, Nitrobacter was unable to deal well with the oxidative stress 
generated from FNA. DNA and protein repair enzymes were downregulated on FNA 
exposure showing that FNA was not able to deal with the oxidative damage induced 
by FNA. 
 
 Enzymes involved in ATP generation pathways from glycolysis; the TCA cycle 
and oxidative phosphorylation were downregualted on exposure to FNA suggesting 
that perhaps ATP generation was downregulated in Nitrobacter. An overview of the 
cellular responses with Nitrobacter is shown in Figure 5.14.  
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 Figure 5.14. Overall cellular responses of Nitrobacter to the biocidal action of FNA 
inferred from metaproteomic analyses of an SBR operating for nitrite oxidation. The 
red ( ) represent activities that are increased, the blue ( ) represents an activity that 
is lowered and the green ( ) indicate the main mechanisms of biocide action of FNA 
within the Nitrobacter genus.  
 Within the small number of detectable Nitrosomonas proteins almost all the 
them are upregulated on exposure to FNA barring the ATP synthase protein 
suggesting that the AOB Nitrosomonas was more equipped than the NOB 
Nitrobacter to dealing with the oxidative stress induced by FNA as evidenced by the 
high tolerance of Nitrosomonas (1.78 mg/L FNA-N) (Chapter 4) and low the 
tolerance of (0.021 mg/L FNA-N) Nitrobacter seen in this study.  
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Chapter 6 Research outcome - Objective 3: Determining the 
mechanism of FNA action on an activated sludge community 
containing both AOB and NOB. 
 
6.1. Results  
6.1.1. Reactor performance: 
 
 The SBR was operated for nitrification activity in three main stages. In Stage 1 
there was no side stream treatment of the activated sludge and near complete 
conversion of ammonium to nitrate occurred (97.0±0.7 %). This was due to the high 
activity of both AOB and NOB (Figure 6.1.B). During Stage 2, when part of the 
sludge was treated at 3.64 mg/L FNA-N in the side stream treatment reactor, the 
levels of nitrate in the effluent decreased sharply (Figure 6.1.B), indicating that the 
NOB population was severely inhibited. This coincided with high levels of nitrite in 
the effluent, manifested by the activity of AOB at the high FNA side stream 
treatment. An increase in ammonium was detected in the effluent after day 55 of 
operation, indicating there was some inhibition of AOB activity by the high FNA 
sludge treatment. At this point the side stream FNA treatment was terminated for a 
10 day period to recover AOB activity. In Stage 3 a side stream treatment of FNA at 
1.82 mg N/L was applied to the SBR sludge, in batches of 24 hour exposures at pH 
6.0. The measured nitrogen species of the side stream treatment reactor are 
summarized in Table 4.1. During this treatment ammonium in the mainstream SBR 
reactor was nearly completely converted to a mixture of nitrite (58.5±0.3% of the total 
effluent nitrogen) and nitrate (40.2±0.7% of the total effluent nitrogen) (Figure 
6.1.B).). Measurements of the nitrogen species within the side stream treatment 
reactor at 1.8mg/L (Table 4.1) show marginal activity of both AOB and NOB.  
 
 The results of the SBR operation are in agreement with previous studies 
showing that AOB are less sensitive to FNA toxicity in comparison to NOB [6, 19]. 
Consequently, FNA could be used to effectively control the NOB and AOB 
population and thereby the levels of nitrogen species produced, which can practically 
be beneficial to achieve the more economically favorable partial nitritation compared 
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to the conventional nitrification and denitrification of WWTP. This control could also 
allow for the effluent to be directly used for the treatment of a low organic carbon 
stream operating for nitrogen removal in a two-stage anaerobic ammonia oxidation 
(Anammox) system [345].  
 
 
Figure 6.1. (A) A schematic representation of the configuration of the SBR reactor 
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ammonium, nitrate and nitrite detected in the effluent of the SBR reactor at the 3 
different operational stages (Stages 1, 2, and 3). 
Table 6.1. Measurement of nitrogen species i.e. ammonium, nitrite and nitrate in the 
side stream FNA reactor at stage 3 i.e. 1.8 mg/L FNA-N at 0 and 24 hours at pH 6.0 
when the metaproteomic sampling was carried out.  
 
 
 Sampling for metagenomics and metaproteomic analysis was carried out at 
different stages of the reactor operation conditions as shown in Figure 6.2. 
Metagenomic sampling was carried out at the end of each stable operational stage 
and sampling for metaproteomics was carried out at 103 days in two conditions i.e. 
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6.1.2. Microbial community composition of the reactor: 
 As expected the synthetic wastewater feed containing ammonium and no 
organic carbon provided an amiable environment for the growth of autotrophic 
nitrifiers [346]. As such known nitrifiers dominated the microbial community in the 
SBR, however, a variety of heterotrophic bacteria were also detected (Figure 6.2). 
Among the nitrifiers, the 3 genera of AOB in the reactor included Nitrosomonas, 
Nitrosospira, Nitrosococcus and 3 genera of NOB detected included Nitrobacter, 
Nitrospira and Nitrococcus. The dominant AOB genus Nitrosomonas represented 
20.48%, 11.92% and 21.94% of the microbial communities within the reactor 
operation Stages 1, 2 and 3 respectively. It is worth noting the decline in the 
Nitrosomonas populations during Stage 2, suggesting that the high FNA treatment 
caused killing of some of these more resilient nitrifiers. This is in agreement with the 
increase in ammonium detected in the effluent, at nearly 20 mg/L in day 55 of the 
SBR operation (Figure 6.1.B). After the sludge FNA treatment was stopped the 
activity AOB population recovered as can be seen on day 71 of the SBR operation 
(Figure 6.1.B). The NOB in the SBR, the dominant genus Nitrobacter constituted 
1.56%, 2.95% and 3.18% of the microbial communities in Stages 1, 2 and 3 
respectively. Despite relatively low proportions of the NOB community the NOB 
activity was high in Stage 1 as evidenced by the nitrate detected (Figure 6.1.B) 
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Figure 6.2. The microbial community composition of the SBR reactor at the 3 
operational stages showing the dominance of the Nitrosomonas genus derived from 
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6.1.3. Nitirifier genomes detected in the reactor  
 The population genome bins of nitrifiers generated using metagenomic 
pipeline 1 and 3 as shown in Figure 3.4. Completeness cut-off of greater than 75% 
and a contamination less than 10 were obtained from the SBR. They included the 
NOB genus Nitrobacter and the AOB genus Nitrosomonas as represented in Table 
6.2. The genera of the detected population genome bins are in agreement with the 
dominant nitrifiers detected from the MG-RAST analysis (Figure 6.2.). A custom 
sequence database was generated using the annotated population genomes of 
nitrifiers obtained from the SBR together with annotated genomes of publically 
available Nitrobacter and Nitrosomonas species [347]. This custom database was 
used to maximise the detection of proteins for our metaproteomic analyses.  
 
Table 6.2. The population genome bins generated from the metagenomic pipelines 1 
and 3 (Section 3.3) of known nitrifiers from the reactor, and the publically available 
genomes. These were combined and added to the custom database for subsequent 





6.1.4. Metaproteomic responses of nitrifiers to FNA: 
 The SBR operation in Stage 2 i.e. 3.64 mg/L FNA-N was characterised by 
fluctuations in the nitrogen species and thus not suitable for metaproteomic 
investigation (Figure 6.1.B). As such the metaproteomic investigation of nitrifiers was 











Nitrosomonas_99 Ns99 99.52 1.46 Nitrobacter_95 Nb95 95.99 1.42
Nitrosomonas_89 Ns89 89.13 2.45 Nitrobacter_88 Nb88 88.88 1.69
Nitrosomonas_82 Ns82 82.31 4.23 Nitrobacter_79 Nb79 79.96 2.38
Bins	from	pipeline	2	(genus) Bins	from	pipeline	2	(genus)
Nitrosomonas_01321 Ns85 85.2 9.78 Nitrobacter_G121121 Nb83 83.33 7.71
Nitrosomonas_L1322 Ns76 76.52 1.13
Fully	sequenced	genomes	(NCBI) Fully	sequenced	genomes	(NCBI)
Nitrosomonas	ureae NsU Nitrobacter	winogradskyi	 NbW
Nitrosomonas	sp	AL212 NsA Nitrobacter	hamburgensis	 NbH
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stable (Figure 6.1B). Metaproteomic investigation was also carried out on control i.e. 
0 mg/L FNA-N to examine the responses of nitrifiers without FNA treatment.  
 
Figure 6.3. The number of proteins identified from metaproteomic investigation 
before and after the stringency checks and the corresponding Nitrosomonas and 
Nitrobacter genera they belong to.  
 
 Using the ProteinPilot™ software a total of 419 proteins were identified 
against the custom database at a global FDR of 1%. The SWATH files generated 
from the Peak View software were analysed using the R-package MSstats. A total of 
359 proteins met the p-value stringency of ≤ 0.05 across triplicates of which 344 
originated from the Nitrosomonas genera and 15 from the Nitrobacter genera (Figure 
6.3.). The quantitative SWATH-MS analysis shows that Nitrosomonas and 
Nitrobacter responded in various ways to the exposure to FNA, which are discussed 
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6.2. Discussion 
 The change in the regulation or expression of protein is most likely due to the 
change in expression of the gene. As such protein expression levels reveal the 
responses of microorganism to a perturbed condition. In our study we compared the 
change in protein expression at 0 mins over time without FNA (control) treatment to 
the perturbed 1.8 mg/L FNA-N samples. This revealed the upregulation and down 
regulation of a number of cellular proteins by Nitrosomonas to the antimicrobial 
action of FNA. Functionally, a majority of these proteins have not been well studied 
in bacterial systems, however they are expected to function in similar roles within 
bacteria.  
  
6.2.1. Response of Nitrosomonas genus to FNA  
6.2.1.1. Upregulation of Oxidative stress enzymes 
 Nitrosomonas like other aerobic bacteria, experiences oxidative and 
nitrosative stress from a variety of sources in its natural environment. The few 
oxidative stress studies on AOB have been limited to catalase and superoxide 
dismutase (SOD) [29, 348, 349]. A number of proteins involved in oxidative stress 
were upregulated after a period of exposure to FNA. These included pteridine 
reductase, S-adenosylmethionine synthase and cytochrome c551 peroxidase clearly 
suggesting that FNA induces oxidative damage on Nitrosomonas (Figure 6.4). 
Oxidative stress in Nitrosomonas, like other aerobic bacteria is thought to primarily 
occur due to the presence of ROS and RNS [350]. The enzyme pteridine reductase, 
found in other proteobacteria, has been well studied in the protozoan parasite 
Leishmenia. A mutant of the gene has been shown to reduce the susceptibility of the 
protozoan to ROS and RNS [351]. A log2(FC) of S-adenosylmethionine synthase 
from 0.54 to 1.44 at 12 hours and 24 hours respectively on exposure to 1.8 mg/L 
FNA-N was seen. S- adenosylmethionine synthase is an enzyme known to produce 
S-adenosylmethionine, an important methyl donor for methylation of DNA, RNA, 
proteins and other macromolecules essential for normal gene regulation [286]. S-
adenosylmethionine is known for preventing oxidative stress and has also been 
implicated in functioning as a neuroprotective agent in mice [287]. Furthermore, S- 
adenosylmethionine has also been implicated in attenuating oxidative stress in 
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ethanol-LPS-Induced fibrotic rat models [288]. Increased abundance of cytochrome 
c551 peroxidase was detected from several Nitrosomonas population bins (Figure 
6.4). Cytochrome c551 peroxidase is an enzyme with known antioxidant activity 
wherein it catalyses the reduction of toxic H2O2 [243]. Cytochrome c apart from 
normal functioning in the electron transport chain has also been linked to the 
suppression of ROS [352]. Previous studies have shown strong evidence in support 
of its protective function on deoxyribose against oxidative damage in vivo [353]. The 
antioxidant protein thioredoxin and its associated domain proteins are upregulated 
on exposure to FNA [354]. Thioredoxin is a key protein involved in the oxidative 
stress response in plants [282]. Thioredoxin, in mammalian endothelial cells has also 
been known to be in involved in a regenerative machinery to regenerate proteins 
inactivated by oxidative stress [283]. Surface exposed thioredoxin in Streptococcus 
pneumoniae were also found to resist oxidative stress conditions [355].  
 
 Dihydrolipoyl dehydrogenase enzyme is known to be an active nitric oxide 
scavenger by reducing ubiquinone to uniquinol providing strong evidence for the 
action of RNS formed from FNA [241]. Peptide methionine sulfoxide reductase 
(msrA) is a repair enzyme that repairs protein inactivated by oxidation [237, 281]. 
The msrA derived from Ns85 was seen to be upregulated at 24 hours after exposure 
to 1.82 mg/L FNA-N. SOD is known to act as a strong antioxidant wherein it converts 
two molecules of superoxide to oxygen and hydrogen peroxide. Hydrogen peroxide 
is removed by catalase and peroxidase enzymes [231]. Whilst we did not detect 
change in expression of the catalase enzyme we did see a marginal decrease in 
expression of the protein SOD over 24 hours after exposure to 1.82 mg/L FNA-N. 
The SOD (Ns76) is ranked 26 of the total proteins detected using ProteinPilot 
whereas the other SOD (Ns82) is ranked in 393 (Appendix 2). While it is difficult to 
ascertain whether the protein is constitutively highly expressed, the rank of SOD 
(Ns76) and its sequence coverage (73.11%) suggests that the protein is highly 
abundant. This marginal change in expression suggests that SOD was constitutively 
expressed. Studies by Wood et al. (2001) describes SOD as constitutively expressed 
which is in agreement to what is seen in our studies [29]. This suggests that the 
Nitrosomonas genus has a high innate ability to deal with oxidative stress. Overall 
there is clear evidence showing that FNA mediates an oxidative stress response on 
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Nitrosomonas possibly through ROS and RNS intermediates as observed in 
research objective 1 [230]. 
 
Figure 6.4. Heatmap showing change in relative abundance of oxidative stress 
proteins determined in the activated sludge at the end of stage 3 (Day 103) exposed 
to 0 and 1.82 FNA-N mg/L. The log2(FC) change in protein abundance was 
calculated at each time point i.e. 20 minutes, 2 hours, 12 hours and 24 hours after 
the start of FNA treatment, using the initial 0 mins sampling condition to compare to. 
White sections within the heatmap represent data where no fold change was 
detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Blue 
sections represent a negative log2(FC) and red represents a positive log2(FC).   
 
 
6.2.1.2. Changed expression of enzymes involved in nitrogen metabolism and 
energy conversion.  
 Denitrifying enzymes are though to protect AOB from the toxic effects of nitrite 
[356]. An increased expression level of the denitrifying enzyme nitrite reductase in 
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known to reduce toxic nitrite to the RNS/ROS nitric oxide, in a process known as 
nitrifier denitrification [226]. Moreover, nitrite reductase have been shown to confer 
nitrite tolerance in pure cultures of Nitrosomonas europaea [227]. Oxygen sensitive 
hydroxylamine reductase, which catalyses the reduction of hydroxylamine to 
ammonia and water was upregulated on exposure to FNA [357].  The marginal 
increase in the ammonia concentration could possibly be explained by the action of 
this enzyme (Table 6.1).  
 
 The key nitrifying and energy generation enzymes in AOB, ammonia 
monoxygenase (AMO) and hydroxylamine oxidoreductase (HAO) were detected in 
the SBR sludge affiliating with multiple Nitrosomonas genomes (Figure 6.5). The 
detected increased abundance of these proteins on exposure to FNA is of interest as 
the side stream FNA treatment reactor has limited availability of ammonia, high 
concentration of nitrite and low availability of dissolved oxygen (Table 6.1). A 
scenario here could be that the stress induced by FNA and the need to maintain 
internal homeostasis caused energetic mechanisms to be triggered in Nitrosomonas 
and resulting in the upregulation of these enzymes. This is in agreement with a 
previous study that shows consistently high levels of AMO and HAO enzymes in 
Nitrosomonas for long periods (months) even in the absence of ammonia [358]. It is 
evident that some of the proteins involved in nitrogen metabolism and energy 
showed varying levels of regulation in response to FNA exposure, signifying 
differences in responses within the Nitrosomonas species present in the SBR 
community (Figure 6.5).  
 
 Of the key enzymes involved in respiration, NAD(P) transhydrogenase subunit 
alpha part 1 and NADH-quinone oxidoreductase subunit D were down regulated on 
exposure to FNA. NAD(P) transhydrogenase subunit alpha part 1 is involved in the 
reversible conversion of NADPH to NADH whereas NADH-quinone oxidoreductase 
subunit D on the other hand is a large complex redox proton pump [217, 359]. A 
number of proteins involved in the energy generation pathways including ATP 
synthase subunits and cytochrome C oxidase subunits were seen to be upregulated 
on exposure to FNA (Figure 6.5) [360]. The observed upregulation of these proteins 
in exposure to FNA strongly suggests that FNA initiates the generation of more ATP 
possibly used up in the energy dependent mechanisms of internal homeostasis.  
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 Figure 6.5. Heatmap showing change in relative abundance of enzymes involved in 
the nitrogen metabolism and energy conversion within the Nitrosomonas genus 
determined in the activated sludge at the end of stage 3 (Day 103) exposed to 0 and 
1.82 mg/L FNA-N. The log2(FC) change in protein abundance was calculated at 
each time point i.e. 20 minutes, 2 hours, 12 hours and 24 hours after the start of FNA 
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within the heatmap represent data where no fold change was detected or when 
triplicates did not meet the stringency levels of p ≤ 0.05. Blue sections represent a 
negative log2(FC) and red represents a positive log2(FC).   
 
Change in relative abundance of oxidative stress proteins determined in the 
activated sludge at the end of stage 3 (Day 103) exposed to 0 and 1.82 mg/L FNA-N. 
The log2(FC) change in protein abundance was calculated at each time point i.e. 20 
minutes, 2 hours, 12 hours and 24 hours after the start of FNA treatment, using the 
initial 0 mins sampling condition to compare to. White sections within the heatmap 
represent data where no fold change was detected or when triplicates did not meet 
the stringency levels of p ≤ 0.05. Blue sections represent a negative log2(FC) and 
red represents a positive log2(FC).   
 
6.2.1.3. Upregulation of DNA/Protein repair proteins. 
 FNA has also been postulated to directly act on protein and DNA through 
ROS and RNS intermediates [4]. As such FNA exposure would result in the up-
regulation of a number of enzymes involved in DNA and protein repair [230]. Among 
the DNA repair enzymes, the single stranded DNA-binding protein was up regulated 
on exposure to FNA (Figure 6.6.). Single stranded DNA-binding protein is known to 
be involved in DNA mismatch, recombinational damage repair mechanisms as well 
as SOS response [254]. The histone like DNA-binding protein HU-beta protein is 
known to prevent denaturation of DNA by wrapping itself around the DNA molecule 
[255]. This protein was upregulated on exposure to 1.82 mg/L FNA-N in the side 
stream treatment. However, the DNA repair protein DNA helicase RecQ was down 
regulated both with and without FNA exposure. DNA helicase RecQ is a DNA repair 
enzyme conserved in both humans and bacteria [361].   
 
 A number of proteins involved in protein repair mechanisms also had changed 
expression levels on exposure to FNA. Protein-L-isoaspartate O-methyltransferase 
in humans is known to recognise and repair damaged proteins [362, 363]. Peptide 
methionine sulfoxide reductase (MsrA) is a repair enzyme for proteins have been 
damaged by oxidation. MsrA was upregulated showing evidence of oxidative stress 
induced by FNA as well as protein repair response activated within Nitrosomonas 
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[237, 281, 364]. The chaperone protein ClpB in bacteria are known to be part of the 
stress induced multi-chaperon system and it is known to help in the refolding of 
denatured stress-damaged protein [365]. This protein did not changed protein 
expression in the control i.e. 0 mg/L FNA-N but had increased abundance during 
FNA exposure (Figure 6.6). A previous study shows that Nitrosomonas europaea 
increases expression of ClpB, 6 to 10 fold, in response to increased oxidative effects 
caused by chloroform [366]. The evidence of ClpB and MsrA being upregulated in 
the side stream reactor strongly supports the hypothesis that FNA causes oxidative 
damage to proteins. Other proteins, detected with altered abundance in the reactor, 
that are potentially associated with protein repair include the 60 kDa and 10 kDa 
chaperonin.  These are essential for the folding of proteins in bacteria [249], 
however, little can be drawn out from their expression in response to FNA. The 
upregulation of DNA and protein repair is also in line with what was observed in 
Research Objective 1 (Chapter 4) within the Nitrosomonas genus.  
 
Figure 6.6. Heatmap showing change in relative abundance of DNA and protein 
repair proteins within the Nitrosomonas genus determined in the activated sludge at 
the end of stage 3 (Day 103) exposed to 0 and 1.82 mg/L FNA-N. The log2(FC) 
change in protein abundance was calculated at each time point i.e. 20 minutes, 2 
hours, 12 hours and 24 hours after the start of FNA treatment, using the initial 0 mins 
sampling condition to compare to. White sections within the heatmap represent data 
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levels of p ≤ 0.05. Blue sections represent a negative log2(FC) and red represents a 
positive log2(FC).   
6.2.1.4. Other stress responses. 
 Evidence from the metaproteomic analysis shows that FNA activated a 
number of other stress responses within the Nitrosomonas genus as evidenced by 
the change in protein expression as shown in Figure 6.7. The protein “AAA 
domain/putative AbiEii toxin/Type IV TA system” is an altruistic cell death system 
that is activated by phage infection thereby limiting viral replication [367]. A 
suggestion here is that FNA caused the activation of the temperate phage and that 
Nitrosomonas suppresses the expression of this phage. Studies carried out in 
Pseudomonas aeruginosa on exposure to nitric oxide (NO), a free radical that could 
possibly be formed from FNA indicated that nitric oxide exposure caused 
bacteriophage genes to be up-regulated [368]. The modulator of FtsH protease HflK 
is known to govern the lysogenization frequency of phage lamda in the bacteria E. 
coli [257].  In our study there was a marginal increase in the expression of this 
protein at the end of both the 0 and 1.8 mg/L FNA-N suggesting that phage induced 
lysogenisation was inhibited. Proteins involved in antibiotic resistance were also 
observed to vary in expression on exposure to FNA. The bleomycin resistance 
protein, an antibiotic glycopeptide was upregulated on exposure to FNA. It is known 
to repair DNA breakage and lesions caused by the bleomycin antibiotic [369, 370].  
 
 Biofilm formation in the Nitrosomonas genus of AOB is not thoroughly 
understood but biofilm formation has been shown to be enhanced by the growth of 
other heterotrophic bacteria [371]. It is of interest to note that on exposure to higher 
concentrations of the RNS/ROS, nitric oxide, biofilm formation was induced in 
response [372]. Beta-lactamase hydrolase-like protein and alginate export proteins 
play an important role in the formation of biofilms [261, 262]. The protein alginate 
export is known to export alginate, a model extracellular polysaccharide (EPS) 
externally. This protein was upregulated on FNA exposure. The expression of beta-
lactamase hydrolase-like protein and alginate export protein increased after FNA 
action on Nitrosomonas. This suggests that FNA induced biofilm formation within 
Nitrosomonas possibly as a protective defence mechanism (Figure 6.7.). Alginate 
export was seen to change its expression positively after exposure to FNA. 
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Interestingly, a protein associated with the production of alginate and 
lipopolysaccharide (LPS) biosynthesis, phosphomannomutase/phosphoglucomutase 
was severely down regulated on exposure to FNA [373] .  
  
 Of the detected proteases involved in proteolysis, the protease HtpX was the 
only one seen to be upregulated in the FNA treated sample. Protease HtpX, is a 
membrane bound metalloprotease that is known to be a stress-controlled protease 
possibly degrading damaged oxidised proteins [230, 374]. This evidence lends 
further support to the fact that FNA causes oxidative damage to the proteins. 
 
 FNA exposure alters the iron bioavailability within the cell through the RNS 
and ROS that are formed. A number of enzymes contain iron as a co-factor and as 
such play a critical roles in various functions within the microorganisms [335]. Iron 
storage proteins, such as bacterioferritin derived from two different population 
genomes of Nitrosomonas were both down-regulated after exposure to FNA (Figure 
6.7.) [375]. Iron transport proteins such as haemoglobin and haemoglobin-
haptoglobin binding protein and the Nitrosomonas ABC iron transporter as well as 
the catecholate siderophore receptor Flu were all upregulated after exposure to FNA 
as shown in Figure 6.7. [376-379]. The haemoglobin and haemoglobin-haptoglobin-
binding protein, which form part of a receptor, are required for heme uptake. These 
proteins were seen to be upregulated on exposure to FNA [376]. catecholate 
siderophore receptor Flu transport siderophore which are low molecular weight ferric 
ion specific chelating agents used by microorganisms to scavenge iron from the 
environment [336]. Siderophore transport proteins were seen to be slightly less down 
regulated on exposure to FNA. It was seen that iron transport across the membrane 
into the cell was facilitated signifying a decrease in the bioavailability of iron within 
Nitrosomonas. A decrease in expression levels of Fe-S enzymes were detected post 
FNA treatment as shown in Figure 6.7. This may be due to FNA disrupting the 
bioavailability of cellular iron within the Nitrosomonas population.  
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Figure 6.7. Heatmap showing change in relative abundance of proteins associated 
with stress response within the Nitrosomonas genus determined in the activated 
sludge at the end of stage 3 (Day 103) exposed to 0 and 1.82 mg/L FNA-N. The 
log2(FC) change in protein abundance was calculated at each time point i.e. 20 
minutes, 2 hours, 12 hours and 24 hours after the start of FNA treatment, using the 
initial 0 mins sampling condition to compare to. White sections within the heatmap 
represent data where no fold change was detected or when triplicates did not meet 
the stringency levels of p ≤ 0.05. Blue sections represent a negative log2(FC) and 
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6.2.1.5. Regulation of key carbon metabolism pathways:  
 CO2 is the primary source of carbon for autotrophic nitrifiers and as such all 
other down stream processes such as amino acid, nucleotide and fatty acid 
synthesis is dependent on this vital step [26]. Ribulose bisphosphate carboxylase 
large chain protein (NsEt), the enzyme involved in the first major step of carbon 
fixation was upregulated on exposure to FNA suggesting that Nitrosomonas 
increased its uptake of carbon dioxide (Figure 6.8.). 
 
 Among proteins involved in the tricarboxylic acid (TCA) cycle, the only protein 
that changed regulation on exposure to FNA was the succinate dehydrogenase 
flavoprotein subunit, which is involved in the catalysis of fumarate and succinate 
conversion [303]. Of the proteins involved in glycolysis, the enzyme fructose-
bisphosphate aldolase class 2 was down regulated on FNA exposure whereas the 
protein phosphoribulokinase was upregulated. The protein fructose-bisphosphate 
aldolase class 2 catalyses the reversible reaction of glyceraldehyde-3-phosphate to 
fructose 1,6-bisphosphate [380].   
 
 Nitrosomonas increased its uptake of carbon dioxide since that is its only 
source of carbon. Carbon that is fixed may help meet stress response demands such 
as biofilm formation and other stress responses within Nitrosomonas as discussed 
earlier. Its only source of carbon to meet other stress response demands such as 
biofilm formation within Nitrosomonas.  
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Figure 6.8. Heatmap showing change in relative abundance of proteins associated 
with carbon dioxide fixation, respiration, TCA cycle and glycolysis within the 
Nitrosomonas genus determined in the activated sludge at the end of stage 3 (Day 
103) exposed to 0 and 1.82 mg/L FNA-N. The log2(FC) change in protein abundance 
was calculated at each time point i.e. 20 minutes, 2 hours, 12 hours and 24 hours 
after the start of FNA treatment, using the initial 0 mins sampling condition to 
compare to. White sections within the heatmap represent data where no fold change 
was detected or when triplicates did not meet the stringency levels of p ≤ 0.05. Blue 
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6.2.1.6. Change in Replication, Transcription and Translation:  
 FNA as discussed earlier was seen to increase DNA and protein damage. 
Mixed regulation of some proteins involved in DNA replication was seen. Single-
stranded DNA-binding protein, essential for the replication of DNA was upregulated 
on exposure to FNA [381]. Among proteins involved in transcription there was a 
marked increase in the abundance of cold shock protein. Functionally, cold shock 
proteins are suggested to act as RNA chaperones by inhibiting the formation of RNA 
secondary structures thereby assisting in transcription [327, 382]. A number of 
enzymes involved in transcription were detected. Various tRNAs responded 
differently to FNA. tRNA ligases are enzymes that attach the appropriate amino 
acids onto tRNA. Aspartate--tRNAs was upregulated whereas arginine--tRNA ligase 
was down regulated on exposure to FNA. The translation initiation factor elongation 
factor Tu was upregulated on exposure to FNA exposure [383]. Interestingly small 
ribosomal subunit S1, involved in the direct translation of RNA into protein was 
downregulated on exposure to FNA (Figure 6.9.) [384]. Overall, FNA exposure is 
seen to up regulate key enzymes that are involved in maintaining normal replication 
and transcription function and this may be as a result of DNA and RNA damage in 
Nitrosomonas. Interestingly, protein translation initiation was upregulated but the 
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Figure 6.9. Heatmap showing change in relative abundance of proteins involved in 
DNA replication, RNA transcription and protein translation within the Nitrosomonas 
genus determined in the activated sludge at the end of stage 3 (Day 103) exposed to 
0 and 1.82 mg/L FNA-N. The log2(FC) change in protein abundance was calculated 
at each time point i.e. 20 minutes, 2 hours, 12 hours and 24 hours after the start of 
FNA treatment, using the initial 0 mins sampling condition to compare to. White 
sections within the heatmap represent data where no fold change was detected or 
when triplicates did not meet the stringency levels of p ≤ 0.05. Blue sections 
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6.2.1.7. Amino acid metabolism: 
  Enzymes involved in the biosynthesis and breakdown of amino acids are 
shown in Figure 6.10. Most enzymes that were observed in the two conditions 
showed that the biosynthesis of various amino acids was down regulated on 
exposure to FNA. This suggests that Nitrosomonas is saving energy by not engaging 
in amino acid biosynthesis.   
 
Figure 6.10. Heatmap showing change in relative abundance of proteins involved in 
amino acid biosynthesis and breakdown within the Nitrosomonas genus determined 
in the activated sludge at the end of stage 3 (Day 103) exposed to 0 and 1.82 mg/L 
FNA-N. The log2(FC) change in protein abundance was calculated at each time point 
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using the initial 0 mins sampling condition to compare to. White sections within the 
heatmap represent data where no fold change was detected or when triplicates did 
not meet the stringency levels of p ≤ 0.05. Blue sections represent a negative 
log2(FC) and red represents a positive log2(FC).   
 
6.2.1.8. Fatty acid/ Carbohydrate metabolism: 
 Of the proteins involved in biosynthesis of fatty acid, 3-oxoacyl-[acyl-carrier-
protein] synthase 2 was markedly upregulated (Figure 6.11.) [217]. Other proteins 
involved in the biosynthesis of fatty acid only marginally changed in expression on 
exposure to FNA. Of the enzymes that were linked with carbohydrate metabolism, 
glycosyl hydrolase family 57 was upregulated whereas enzymes such as ribulose-
phosphate 3-epimerase and phosphomannomutase/phosphoglucomutase were 
significantly down regulated. The upregulation of fatty acid biosynthesis pathway on 
exposure to FNA suggests the need for lipid replacement as lipid that may have 




Figure 6.11. Heatmap showing change in relative abundance of proteins involved in 
fatty acid biosynthesis and breakdown within the Nitrosomonas genus determined in 
the activated sludge at the end of stage 3 (Day 103) exposed to 0 and 1.82 mg/L 
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i.e. 20 minutes, 2 hours, 12 hours and 24 hours after the start of FNA treatment, 
using the initial 0 mins sampling condition to compare to. White sections within the 
heatmap represent data where no fold change was detected or when triplicates did 
not meet the stringency levels of p ≤ 0.05. Blue sections represent a negative 
log2(FC) and red represents a positive log2(FC).   
 
6.2.2. Response of Nitrobacter  
 This study also intended to look at the response of Nitrobacter to the FNA.  
However, only 15 proteins were detected to have a log2(FC) within the Nitrobacter 
(Figure 6.12). The overall low detection of Nitrobacter proteins by our metaproteomic 
approach very likely reflects the much lower presence of these in the sludge 
community in comparison to the levels of Nitrosomonas detected (Figure 6.4.). An 
enzyme involved in respiration i.e. cytochrome C oxidase subunit II was more 
abundant on exposure to 1.8 mg/L FNA-N. Other enzymes showing increased levels 
were the nitrate reductase involved in the conversion of nitrate to nitrite, the 
elongation factor Tu, which is involved in protein biosynthesis, and the motility 
flagellin protein, suggesting that motility was important during exposure to FNA [386]. 
Due to the low numbers of protein level changes detected it is not possible to draw 
conclusions relating to the response of these Nitrobacter populations to this FNA 
treatment.  
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Figure 6.12. Heatmap showing change in relative abundance of proteins associated 
with the Nitrobacter genus determined in the activated sludge at the end of stage 3 
(Day 103) exposed to 0 and 1.82 mg/L FNA-N. The log2(FC) change in protein 
abundance was calculated at each time point i.e. 20 minutes, 2 hours, 12 hours and 
24 hours after the start of FNA treatment, using the initial 0 mins sampling condition 
to compare to. White sections within the heatmap represent data where no fold 
change was detected or when triplicates did not meet the stringency levels of p ≤ 
0.05. Blue sections represent a negative log2(FC) and red represents a positive 
log2(FC).   
 
6.3. Conclusions:  
 In conclusion, the SWATH-MS metaproteomic approach was successful in 
detecting protein abundance changes from the dominant Nitrosomonas genera 
present in the reactor sludge during exposure to FNA. An overview to 
diagrammatically represent the effects of FNA and the responses of Nitrosomonas to 
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Figure 6.13. Mechanisms of persistence of Nitrosomonas to FNA. The red arrows 
and boxes ( ) represent activities that are increased, the blue arrows and boxes ( ) 
represent lowered activities and the green boxes ( ) indicate the main mechanisms 
of biocide action of FNA within the Nitrosomonas genus.  
 
 This study shows that there was strong evidence to suggest that FNA caused 
strong oxidative stress on the Nitrosomonas population, possibly through ROS and 
RNS intermediates. The strong tolerance of the Nitrosomonas genera can be 
attributed to an upregulation of oxidative stress enzymes, denitrification, DNA and 
protein repair mechanisms as well as other defence pathways such as the inhibition 
of phage formation and the initiation of biofilm formation. There was also strong 
evidence that FNA alters the cellular iron bioavailability within a cell leading to an 
upregulation of enzymes involved in iron transport across the membrane although 
the mechanism remains unclear. The Nitrosomonas population show an upregulation 
of the energy producing nitrification pathway enzymes i.e. AMO and HAO despite the 
low ammonia and dissolved oxygen in the FNA treatment reactor. A hypothesis for 
this is that the upregulation is due to a need of internal energy in anticipation for 
instant response to available ammonia contributed in part by the energy dependent 
stress responses of Nitrosomonas to nitrite. Overall Nitrosomonas exerts a strong 
response to deal with oxidative stress caused by FNA. This understanding is 
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beneficial in controlling microbial populations especially within activated sludge to 
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Chapter 7: Conclusions, and Recommendations 
 
7.1 Main conclusions of the thesis.  
 This thesis describes the effects of FNA on nitrifier populations i.e. Nitrobacter 
genus and the Nitrosomonas genus, present in activated sludge. The thesis 
successfully demonstrated the use of a combined metagenomic and SWATH-MS 
metaproteomic approach to study the physiological responses of microorganisms 
present in a mixed culture to FNA. SWATH-MS is ideally suited to study 
microorganisms in low biomass environments, as it requires low inputs (~5µg) of 
protein for mass spectrometry analysis. There were significant difference in stress 
response mechanisms between the Nitrosomonas genus of AOB and the Nitrobacter 
genus of NOB on FNA exposure. This suggests that both these microorganisms 
respond different to toxicity caused by FNA.  
7.1.1. Mechanisms of persistence of Nitrosomonas genus to FNA: 
 The Nitrosomonas genus of AOB was able to grow at FNA concentrations of 
1.84 mg/L FNA-N, the highest studied thus far, suggesting that the mechanisms that 
exists towards FNA toxicity are very robust in this microorganisms compared to other 
microorganism that have been investigated thus far. There was clear evidence to 
suggest that the Nitrosomonas genus has a high innate ability to deal with oxidative 
stress as seen from the upregulation of a number of oxidative stress enzymes. 
Additionally, Nitrosomonas showed strong evidence for the upregulation of a robust 
array of DNA and protein repair enzymes that provides evidence of DNA and protein 
damage caused by FNA. Nitrosomonas also seen to actively supress phage induced 
lysogenisation. Other stress responses within Nitrosomonas to FNA included the 
upregulation of denitrification, the formation of biofilm and the upregulation of 
transmembrane proteins involved in the maintenance of osmotic stress.  
 
 Interestingly, there was strong evidence to suggest that FNA alters the cellular 
iron and copper bioavailability within a cell leading to an upregulation of enzymes 
involved in iron transport across the membrane. The enzymes involved in energy 
generation via nitrification i.e. AMO and HAO, were upregulated on exposure to FNA 
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suggesting that energy production was needed for the Nitrosomonas genus of AOB 
to persist in conditions of high FNA concentrations.  
7.1.2. Sensitivity of Nitrobacter genus to FNA: 
 NOB was comparably more sensitive to FNA than AOB. The highest FNA 
concentration that the Nitrobacter genus of NOB was exposed to was 0.021 mg/L 
FNA-N, which is about 85 fold lower than that which was observed for Nitrosomonas 
(1.84 mg/L FNA-N). The overall stress response of Nitrobacter to FNA is weak 
compared to what was observed in Nitrosomonas. The limited set of oxidative stress 
enzymes detected and their lowered expression suggests that Nitrobacter was 
unable to deal well with the oxidative stress generated from FNA. In addition their 
DNA and protein repair enzymes were downregulated on FNA exposure suggest that 
FNA was not able to deal with the oxidative damage induced by FNA. The stress 
response mechanisms that were detected within Nitrobacter included an 
upregulation of enzymes involved in cell membrane synthesis, as well as 
transmembrane proteins involved in iron transport and osmotic stress regulation. 
Interestingly, enzymes involved in the formation of the protective biofilm were 
downregulated.   
 
 There was evidence to suggest lowered cellular iron bioavailability as was 
seen in Nitrosomonas suggesting that FNA reacts with cellular iron thereby making it 
unavailable for use within the cell. This was evidenced by the upregulation of TonB-
dependent receptor BfrD enzymes that are involved in siderophore transport into the 
Nitrobacter cell. The enzymes involved in energy generation via nitrification i.e. 
oxidation of nitrite to nitrate were upregulated but other enzymes involved in cellular 
respiration process from glycolysis; the TCA cycle and oxidative phosphorylation 
were downregualted on exposure to FNA suggesting the downregulation of ATP 
generation in Nitrobacter. 
7.1.3. Mechanisms of FNA action:  
 From the investigations carried out on this thesis, it is clear that FNA exhibits 
a multipronged toxic affect on microorganisms. On entering the microbial cell, FNA 
mediates an oxidative stress response on microorganisms possibly through ROS 
and RNS intermediates. This has also been substantiated in another study carried 
out on Desulfovibrio vulgaris[45]. FNA is also seen to damage DNA and protein 
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components inside the cell, evidenced by the upregulation of DNA and protein repair 
enzymes within Nitrosomonas. Interestingly, this was also reported within PAO1[5]. 
Nitrite detoxifying pathways were also upregulated in Nitrosomonas and 
downregulated in PAO1 suggests that perhaps FNA dissociated inside into nitrite 
and hydrogen ions resulting in nitrite induced toxicity within the cell [5]. Osmotic 
stress was also seen within Nitrobacter, showing that this was another mechanism of 
FNA toxicity on the cell. FNA may induce cellular lysogenisation via phage initiation 
as evidenced by the suppression of lysogenisation within Nitrosomonas. Reduction 
in the bioavailable copper and iron within the cell suggests strongly that ROS or RNS 
sequesters the iron and copper components of enzymes via nitrosylation [9]. Thus 
the true mode of action of FNA is multifaceted, thereby allowing it to be an important 
biocide whose use in controlling microbial growth could expand far beyond its current 
use in the wastewater industry.    
 
7.2. Limitations of the study: 
 While the thesis achieved its goal of understanding the mechanisms of action 
of FNA in nitrifiers, the study was not without limitations. The major challenge in 
running SBRs enriched for nitrifying community was that it was not possible to 
achieve a true control i.e. 0 mg/L FNA-N. Nitrite/FNA was a metabolic intermediate 
that was always present in both the AOB and NOB enriched SBR reactors. 
Additionally, protein detection using of microbial communities with low abundance 
was challenging as seen in section 6.2.5.2. Pure culture studies of AOB and NOB 
could have been studied to validate the results seen in the mixed culture studies. 
However, their slow growth rates (doubling time of over a week) coupled with their 
low biomass would make proteomic extraction difficult. Additionally, pure cultures of 
AOB and NOB have been isolated from environments such as soil and oceans, 
which may not be representative of those found in the nitrogen removal process of 
WWTP. 
 
 A metatranscriptomic and/or a metabolomic analysis of the microbial 
community would have allowed for greater continuity and depth to the interpretation 
on FNA mode of action on nitrifiers.  In addition, a number of proteins that had 
changed abundances on exposure to FNA were hypothetical/uncharacterised 
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proteins whose functions are not known. The function of these hypothetical proteins 
with unknown function could have been proteins that have paid significant parts to 
FNA responses within the nitrifiers.  
 
 Since oxidative stress via RNS and ROS is thought to one of the major 
mechanisms of toxicity to a cell, the study would have benefited immensely by the 
measurement of these species in the reactor. However, these free radicals were not 
measured since the metaproteomic investigation was carried out together at the very 
end of the reactor study to prevent any extraction biases that may occur. In addition 
phage activation and detection could have been carried out to verify if FNA indeed 
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7.3. Recommendations for future research 
 During the course of the PhD, there were many questions that arose for 
further research and investigations. My research was primarily focussed on 
investigating the mechanisms of action of FNA on Nitrosomonas and Nitrobacter 
species in the activated sludge system, which is a mixed culture system. 
Investigating the effect of FNA on pure cultures of Nitrosomonas and Nitrobacter 
species, specifically those that are derived from WWTP would be extremely 
interesting. Knocking out genes that are responsible for oxidative stress responses 
on these microorganisms and studying the metabolic responses to FNA would be 
extremely interesting to investigate. It is however worth noting that pure cultures of 
nitrifiers are extremely slow growing. The doubling time of Nitrosomonas and 
Nitrobacter are 7 and 13 hours respectively compared to 20 minutes for some 
heterotrophic bacteria [387].   
 
 Although Nitrospira is the most dominant NOB in WWTP [388], we were not 
able to assemble a population genome bin of Nitrospira from any of our reactors. 
Investigation of FNA action on Nitrospira would further allow for the comparison of 
FNA responses to other NOB such as Nitrobacter allowing for greater insights into 
the action of FNA on NOB. Investigating the mechanism of other AOBs which is 
found in marine freshwater, such as Nitrococcus would be extremely interesting to 
compare to that of Nitrosomonas.   
 
 The inclusion of other non-nitrifying populations also found in the SBR would 
have made an interesting case study. All of these other populations have not been 
investigated for their mechanism of tolerance towards FNA, particularly those that 
were surviving alongside Nitrosomonas genus exposed to 1.78 mg/L FNA-N. 
Studying the survivability of these populations of microorganisms in marginal 
conditions, with little or no organic carbon coupled with exposure to high FNA 
concentrations would be extremely interesting to investigate. 
 
 Metagenomic analysis of the culture using other assembly and binning tools 
would have allowed for the assembly of more nitrifying population genome bins, 
which will be advantageous for the creation of a more robust metaproteomic search 
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database and in turn allow us to potentially identify more proteins and thus give us a 
deeper understanding of the response mechanisms of the nitrifiers to increasing FNA 
concentration. Some of the potential metagenomic assemblers that could be looked 
at include MetaVelvet-SL, MegaHit, SOAPdenovo2 and IDBA-UD [389-392]. 
Metagenomic binning tools that could be applied to these assembled contigs 
generated from the assemblers could include PhyloPythiaS+, MetaCluster 5.0 and 
AbundanceBin [393-395]. 
 
 Studying cell viability within our activated sludge samples using traditional live 
dead visualisation is difficult due to the presence of thick biofilm. However, 
investigating the tolerance of nitrifiers to FNA than others can be investigated using 
photo reactive DNA-binding dyes such as propidium monoazide (PMA), which is 
used often used to detect viable microorganisms. PMA binds to the DNA of cells that 
are dead and as such cells that are viable can be investigated. This method could 
allow for the detection and study of microorganisms within our study which are 
tolerant to FNA treatment. Additionally since our reactors generally have more than 
one species of nitrifier population, studying which nitrifier populations are more 
tolerant to FNA would yield further interesting questions.  
 
 While it was clear that oxidative stress enzymes were highly upregulated in 
response to FNA within Nitrosomonas, it was unclear as to how RNS and ROS 
mitigated this oxidative stress. RNS and ROS formed from FNA could be 
investigated using various analytical methods such as the use of fluorescent probes, 
radiolabelling or positron emission tomography [396, 397]. Nitric oxide, produced as 
a result of FNA entry into the cell is a well-studied free radical. The action of FNA 
and nitric oxide could be investigated separately and their affect on nitrifiers can be 
studied parallelly.  The use of nitric oxide producing chemicals such as sodium 
nitroprusside (SNP) can be used in tandem with nitric oxide quenching compounds 
such as scavenger 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide 
(PTIO)[398], to allow for a time bound study of the effects of nitric oxide on nitrifiers. 
Results from this study could potentially show similarities or differences between 
nitric oxide and FNA toxicity.  
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hange in protein expression represented as log
2 (FC
) in response to FN
A
 w
ithin N
itrosom
onas and 
N
itrobacter (R
esearch O
bjective 3). 
  
 
20	m
ins
2	hrs
12	hrs
24	hrs
20	m
ins
2	hrs
12	hrs
24	hrs
1
Pteridine	reductase(N
	(From
	N
CBI	blast)
Glucose	1-dehydrogenase	4	(From
	Prokka)	(N
s76)
-0.14
-3.38
-3.17
-4.44
-1.79
-1.42
1.99
3.71
2
3-oxoacyl-[acyl-carrier-protein]	synthase	2	(N
s76)
0.00
0.00
0.91
-0.45
2.49
2.15
2.11
2.41
3
putative	glycine	dehydrogenase	(decarboxylating)	subunit	
2	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
1.52
1.84
4
cold-shock	protein	(N
sA)
0.00
0.00
0.21
0.75
0.00
0.00
0.70
1.59
5
S-adenosylm
ethionine	synthase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
0.54
1.45
6
AAA	dom
ain,	putative	AbiEii	toxin,	Type	IV	TA	system
	
(N
s99)
0.00
0.00
0.00
0.34
0.00
0.00
1.14
1.38
7
Cytochrom
e	c551	peroxidase	(N
s76)
0.00
0.88
1.10
1.64
-0.29
0.98
1.31
1.37
8
PAP2	superfam
ily	protein	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.41
1.17
1.28
9
Copper-containing	nitrite	reductase	(N
s82)
0.26
0.00
0.53
0.38
-0.09
-0.14
0.79
1.28
10
Glycosyl	hydrolase	fam
ily	57	(N
s99)
0.50
-0.15
0.13
0.20
0.52
0.32
0.26
1.22
11
hydroxylam
ine	reductase	(N
sA)
0.00
-0.27
0.28
0.40
0.00
-0.19
0.49
1.08
12
Acyl	carrier	protein	(N
s82)
0.14
0.00
-0.19
0.00
0.00
0.00
0.00
1.01
13
N
ucleoside	diphosphate	kinase	(N
s82)
0.35
0.35
0.00
0.00
0.00
0.00
0.00
1.00
14
Thioredoxin	(N
s82)
0.19
0.00
0.35
0.24
0.00
-0.26
0.34
0.97
15
Aryl-alcohol	dehydrogenase	(N
s99)
0.19
0.00
1.03
0.50
0.00
0.69
0.00
0.94
16
Xaa-Pro	am
inopeptidase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.36
0.56
0.91
17
Serine	protease	AprX	(N
s89)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.88
18
am
m
onia	m
onooxygenase	(N
sEr)
0.00
0.00
0.67
0.41
0.66
0.87
0.00
0.87
19
Aspartate--tRN
A(Asp/Asn)	ligase	(N
s99)
0.34
0.58
-0.08
-0.20
0.00
0.90
1.15
0.85
20
Septum
	site-determ
ining	protein	M
inC	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.79
0	FN
A
1.8	FN
A
Log
2 (FC)
Protein	nam
e
Serial	
num
ber
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21
Sulfite	reductase	[ferredoxin]	(N
s99)
0.20
0.00
1.02
1.52
0.68
0.00
1.05
0.79
22
N
ADP-specific	glutam
ate	dehydrogenase	(N
s99)
0.19
0.00
1.21
0.23
0.00
0.43
0.00
0.79
23
Beta-lactam
ase	hydrolase-like	protein	(N
s99)
-0.18
0.00
0.39
0.64
0.13
0.57
0.61
0.78
24
Am
m
onia	m
onooxygenase	(N
s82)
-0.31
0.00
0.32
0.49
-0.10
0.64
0.47
0.75
25
S-(hydroxym
ethyl)glutathione	dehydrogenase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.72
26
Thioredoxin	dom
ain	protein	(N
s99)
0.36
0.00
0.50
0.00
0.00
0.70
0.87
0.71
27
putative	binding	protein	com
ponent	of	ABC	iron	
transporter	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.61
0.65
0.69
28
Elongation	factor	G	(N
s99)
0.00
0.24
0.72
1.36
-0.22
0.13
0.45
0.69
29
ATP	synthase	subunit	beta	1	(N
s99)
0.18
0.26
0.52
0.23
0.00
0.00
0.46
0.68
30
Protein-L-isoaspartate	O
-m
ethyltransferase	(N
s99)
0.00
0.00
0.00
0.60
0.00
0.00
0.00
0.67
31
Ribulose	bisphosphate	carboxylase	large	chain	(N
s99)
0.00
0.26
0.73
2.03
0.00
0.64
0.58
0.66
32
Transketolase	1	(N
s76)
0.33
0.59
1.19
1.14
0.00
0.54
0.60
0.66
33
Cold	shock-like	protein	CspE	(N
s85)
0.18
0.37
0.00
0.00
0.41
0.23
0.20
0.65
34
4-hydroxy-tetrahydrodipicolinate	reductase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.60
0.57
0.62
35
Thiol-disulfide	oxidoreductase	ResA	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
1.06
0.62
36
beta-lactam
ase	hydrolase-fam
ily	protein	(From
	N
CBI)
hypothetical	protein	(From
	Prokka)	(N
s76)
0.00
0.00
1.26
1.45
0.07
0.40
0.43
0.60
37
ribulose	bisphosphate	carboxylase	large	chain	(N
sEt)
0.00
0.00
-0.55
0.35
0.00
0.23
0.36
0.60
38
Peptide	m
ethionine	sulfoxide	reductase	M
srA	(N
s85)
0.00
0.00
0.30
0.22
0.00
0.00
0.00
0.57
39
preprotein	translocase	subunit	SecA	(N
s99)
0.00
0.33
0.00
0.00
0.19
0.57
0.34
0.51
40
4-hydroxy-3-m
ethylbut-2-en-1-yl	diphosphate	synthase	
(flavodoxin)	(N
s76)
0.00
-0.54
0.00
0.00
0.00
0.79
0.00
0.51
41
Dihydroxy-acid	dehydratase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.58
0.51
42
Spore	protein	SP21	(N
s76)
0.44
0.00
-0.33
0.76
0.00
-0.26
0.24
0.50
43
Single-stranded	DN
A-binding	protein	(N
s76)
0.00
0.00
-0.47
-0.17
0.15
0.21
0.28
0.49
44
putative	3-hydroxyacyl-CoA	dehydrogenase	(N
s76)
0.00
0.17
1.20
0.71
0.00
0.30
0.53
0.48
45
Cytochrom
e	c	oxidase	subunit	2	(N
s82)
0.00
0.52
0.00
0.38
-0.11
0.13
0.00
0.47
46
F0F1	ATP	synthase	subunit	alpha	(N
sA)
0.00
0.40
0.44
1.42
0.00
0.00
0.00
0.43
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47
Cytochrom
e	c	oxidase	subunit	1	(N
s85)
-0.25
-0.44
-0.92
-0.70
0.00
0.51
0.19
0.43
48
Bleom
ycin	resistance	protein	(N
s99)
0.00
0.00
-0.36
0.00
0.00
0.14
0.23
0.42
49
Serine	acetyltransferase	(N
s76)
0.00
0.00
0.00
0.51
0.00
0.00
0.00
0.42
50
3-ketoacyl-CoA	thiolase	(N
s76)
0.00
0.00
0.74
0.48
0.00
0.51
0.50
0.39
51
L-m
alyl-CoA/beta-m
ethylm
alyl-CoA	lyase	(N
s76)
0.14
0.20
0.54
0.31
0.00
0.18
0.24
0.39
52
Protease	HtpX	(N
s99)
0.07
0.00
-0.56
0.00
0.14
0.35
0.33
0.39
53
ATP	synthase	subunit	delta	(N
s99)
0.14
0.20
0.44
0.77
-0.11
0.00
0.17
0.38
54
nitrite	reductase	(N
sU
)
-1.26
-0.70
-0.53
-0.48
0.00
0.00
0.00
0.38
55
elongation	factor	Tu	(N
sEr)
0.00
0.00
0.29
1.10
0.00
0.00
0.25
0.36
56
hypothetical	protein	(N
s99)
0.00
0.00
0.23
0.62
0.00
0.00
0.16
0.36
57
Ribonuclease	(N
s99)
0.00
2.09
0.00
0.00
0.56
0.32
0.43
0.35
58
Anthranilate	synthase	com
ponent	1	(N
s99)
0.00
0.00
-0.39
0.00
0.00
0.00
0.00
0.35
59
Dynam
in	fam
ily	protein	(N
s99)
-0.24
0.00
0.00
0.00
0.00
0.42
0.26
0.34
60
Succinate	dehydrogenase	flavoprotein	subunit	(N
s99)
0.00
-0.50
-0.56
-0.78
0.00
0.00
0.25
0.34
61
Thiol:disulfide	interchange	protein	DsbD	(N
s99)
0.26
0.00
0.00
0.00
0.00
0.00
0.20
0.34
62
DN
A-binding	protein	HU
-beta	(N
s99)
0.09
0.00
-0.62
0.17
0.00
-0.20
0.00
0.34
63
Putrescine	am
inotransferase	(N
s99)
0.00
0.00
0.67
0.00
0.00
0.00
0.00
0.33
64
am
m
onia	m
onooxygenase	(N
sA)
0.00
0.00
-0.48
0.00
0.00
0.00
0.45
0.32
65
Dihydrolipoyl	dehydrogenase	(N
s99)
0.00
0.00
-0.53
-0.35
0.00
1.29
0.36
0.31
66
Elongation	factor	Tu	(N
s82)
0.00
0.00
0.46
0.36
-0.52
-0.30
0.47
0.31
67
Cytochrom
e	c-552	(N
s76)
0.00
-0.28
0.50
1.01
0.10
0.30
0.14
0.30
68
M
alonyl	CoA-acyl	carrier	protein	transacylase	(N
s99)
0.00
0.00
0.00
0.54
0.00
0.00
0.21
0.30
69
Cytochrom
e	c	oxidase	subunit	2	(N
s76)
-0.34
0.00
-0.64
-0.70
-0.43
0.34
0.20
0.29
70
M
odulator	of	FtsH	protease	HflK	(N
s76)
0.00
0.00
0.69
0.75
0.00
0.23
0.00
0.29
71
cytochrom
e	C	oxidase	subunit	II	(N
bW
)
0.00
0.00
0.00
0.00
0.00
0.00
0.19
0.28
72
Chaperone	protein	ClpB	(N
s99)
0.00
0.00
0.00
0.00
0.30
0.26
0.16
0.27
73
Ribulose	bisphosphate	carboxylase	sm
all	chain	1	(N
s99)
0.25
0.19
0.00
0.22
-0.05
-0.08
0.00
0.26
74
LTXXQ
	m
otif	fam
ily	protein	(N
s76)
-0.07
0.20
0.22
0.16
-0.18
0.00
0.12
0.26
75
cytochrom
e	C	(N
sA)
0.26
-0.06
0.31
0.67
0.16
-0.09
0.07
0.26
76
Phosphocholine	transferase	AnkX	(N
s76)
0.00
0.33
0.00
0.55
0.30
0.27
0.00
0.26
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77
Cytochrom
e	c551	peroxidase	(N
s99)
0.00
0.00
0.43
0.70
-0.14
0.31
0.12
0.26
78
Cytochrom
e	c-552	(N
s89)
0.00
-0.19
0.74
1.10
1.75
0.00
0.00
0.25
79
am
m
onia	m
onooxygenase	(N
sEr)
-1.00
-0.79
-0.58
-0.66
-0.20
0.00
0.00
0.25
80
Inosine-5'-m
onophosphate	dehydrogenase	(N
s99)
0.00
0.00
0.26
1.03
0.00
0.48
0.26
0.25
81
Hem
oglobin	and	hem
oglobin-haptoglobin-binding	protein	
(N
s99)
-0.89
-0.49
-0.64
-0.44
0.20
0.00
0.00
0.25
82
hypothetical	protein	(N
s76)
0.00
0.00
0.00
0.48
0.00
0.36
0.00
0.24
83
Cytochrom
e	c	(N
s99)
0.00
0.00
-0.48
-0.30
0.12
0.27
0.13
0.24
84
Phosphoribulokinase,	plasm
id	(N
s76)
0.00
0.00
0.38
0.00
0.00
0.00
0.18
0.24
85
hydroxylam
ine	oxidoreductase	(N
s99)
0.00
0.00
-0.93
0.00
0.00
0.00
0.22
0.23
86
cell	division	protein	ZipA	(N
s99)
0.00
-0.31
0.00
0.00
0.00
-0.18
0.23
0.23
87
am
m
onia	m
onooxygenase	(N
sEt)
-3.82
-3.49
-3.18
-3.94
0.00
0.00
0.00
0.23
88
4-hydroxy-tetrahydrodipicolinate	synthase	(N
s76)
0.00
0.00
-0.26
0.24
0.00
0.25
0.11
0.21
89
O
ligopeptidase	A	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.18
0.00
0.19
90
Alanine-zipper,	m
ajor	outer	m
em
brane	lipoprotein	(N
s76)
-0.20
-0.36
-0.43
-0.48
0.08
0.27
0.00
0.19
91
2-hydroxypropyl-CoM
	lyase	(N
s99)
0.00
0.00
0.38
0.00
0.00
0.00
0.00
0.19
92
putative	lipoprotein	YiaD	(N
s99)
0.00
0.00
-0.19
0.00
0.00
0.20
0.00
0.17
93
hypothetical	protein	(N
s99)
0.00
0.00
0.30
0.00
0.00
0.18
0.00
0.17
94
Glutam
yl-tRN
A(Gln)	am
idotransferase	subunit	A	(N
s76)
0.00
0.00
-0.53
-0.30
0.00
0.00
0.00
0.17
95
M
alate	dehydrogenase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.25
0.00
0.16
96
transporter	(N
sEr)
0.00
0.00
-0.57
-0.47
0.00
0.00
0.00
0.14
97
nitrate	reductase	(N
bN
)
-0.45
-0.25
0.00
0.21
0.21
0.00
0.09
0.14
98
elongation	factor	Tu	(N
bN
)
0.00
0.00
-0.47
-0.97
0.00
0.13
0.00
0.14
99
Branched-chain-am
ino-acid	am
inotransferase	(N
s76)
0.00
0.00
0.47
0.00
0.00
0.00
0.13
0.12
100
Tryptophan	synthase	beta	chain	(N
s76)
0.00
0.00
0.00
0.00
-0.15
0.17
0.00
0.11
101
Cytochrom
e	P460	(N
s76)
0.00
0.00
0.32
0.61
0.17
0.19
0.00
0.10
102
K(+)-insensitive	pyrophosphate-energized	proton	pum
p	
(N
s99)
0.00
-0.15
0.00
0.25
0.10
0.09
0.00
0.10
103
elongation	factor	Tu	(N
sC)
0.02
-0.22
0.26
0.70
-0.13
-0.06
-0.08
-0.05
104
Histidinol-phosphate	am
inotransferase	(N
s99)
0.19
0.00
0.62
0.68
0.00
0.10
-0.09
-0.07
 
 
439 
 
105
2-im
inobutanoate/2-im
inopropanoate	deam
inase	(N
s76)
0.13
0.00
0.00
0.49
0.00
-0.09
-0.14
-0.08
106
ATP	synthase	subunit	alpha	(N
s99)
0.06
0.00
0.75
0.55
-0.08
-0.44
-0.21
-0.08
107
O
uter	m
em
brane	protein	P6	(N
s85)
0.17
0.00
0.00
-0.32
-0.12
-0.15
-0.12
-0.08
108
Catecholate	siderophore	receptor	Fiu	(N
s99)
-0.42
-0.25
-0.56
-0.42
0.07
0.00
-0.07
-0.09
109
hypothetical	protein	(N
s99)
0.37
0.00
0.00
0.00
0.00
-0.13
-0.20
-0.10
110
Glycine	cleavage	system
	H	protein	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
-0.10
-0.10
111
S-layer	protein	(N
s82)
0.23
0.00
-0.37
-0.46
0.00
-0.13
-0.23
-0.10
112
Cytochrom
e	P460	(N
s76)
0.28
-0.20
0.00
0.86
0.00
-0.16
-0.20
-0.10
113
Polyribonucleotide	nucleotidyltransferase	(N
s76)
0.00
0.00
0.71
0.62
-0.05
-0.03
-0.12
-0.10
114
Putative	glucose-6-phosphate	1-epim
erase	(N
s99)
0.00
0.00
0.00
-0.36
0.00
0.00
-0.13
-0.10
115
putative	GST-like	protein	YibF	(N
s76)
0.23
0.00
0.36
0.23
0.00
-0.13
-0.12
-0.10
116
O
uter	m
em
brane	protein	P6	(N
s76)
0.17
-0.14
0.00
-0.27
0.00
-0.14
0.00
-0.11
117
4-cresol	dehydrogenase	[hydroxylating]	flavoprotein	
subunit	(N
s76)
0.00
0.00
0.00
0.24
0.00
-0.08
-0.13
-0.11
118
Ribulose-phosphate	3-epim
erase	(N
s99)
0.24
-0.16
0.28
0.43
0.00
-0.17
-0.18
-0.12
119
Purine	catabolism
	protein	PucG	(N
s76)
0.00
0.00
0.00
0.29
-0.21
-0.12
0.00
-0.14
120
Histidinol	dehydrogenase	(N
s99)
0.00
0.00
0.46
0.37
0.00
-0.19
-0.12
-0.14
121
bacterioferritin	(N
sEr)
-0.06
-0.11
-0.16
0.23
0.00
-0.22
-0.26
-0.14
122
Cytochrom
e	c4	(N
s76)
0.00
0.00
0.59
0.00
0.17
0.00
-0.22
-0.14
123
Copper	resistance	protein	A	(N
s99)
0.00
0.00
-0.55
0.00
0.00
0.00
-0.24
-0.14
124
Copper-containing	nitrite	reductase	(N
s76)
0.00
0.00
-0.40
0.00
0.00
-0.15
-0.15
-0.14
125
hypothetical	protein	(N
s76)
0.00
0.00
-0.25
0.00
0.00
-0.22
-0.13
-0.15
126
hypothetical	protein	(N
s99)
0.18
0.00
0.00
0.00
0.00
-0.14
-0.18
-0.16
127
Cysteine	synthase	B	(N
s99)
0.24
0.00
0.00
0.00
0.00
0.00
-0.23
-0.16
128
Fe(3+)	dicitrate	transport	protein	FecA	(N
s99)
0.00
0.00
-0.45
-0.53
0.00
0.00
0.00
-0.16
129
L-tyrosine	C(3)-m
ethyltransferase	(N
s99)
0.14
-0.27
0.78
0.00
0.00
0.00
0.00
-0.16
130
60	kDa	chaperonin	(N
s99)
0.23
0.16
-0.21
0.38
-0.14
-0.09
0.00
-0.17
131
Lipoprotein	YlpA	(N
s76)
0.00
-0.25
-0.23
-0.45
0.00
-0.09
-0.14
-0.17
132
Superoxide	dism
utase	[Fe]	(N
s76)
0.00
-0.17
0.00
0.39
-0.14
-0.13
-0.14
-0.17
133
putative	TonB-dependent	receptor	BfrD	(N
b88)
-0.36
-0.26
-0.55
-0.63
0.00
0.00
-0.17
-0.19
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134
Type	IV	pilus	biogenesis	and	com
petence	protein	PilQ
	
(N
s76)
0.00
0.00
0.00
-1.07
0.00
-0.26
-0.35
-0.19
135
O
uter	m
em
brane	protein	beta-barrel	dom
ain	protein	
(N
b83)
-0.70
-0.63
-0.92
-0.63
0.00
-0.29
-0.15
-0.19
136
Arginine--tRN
A	ligase	(N
s99)
0.00
0.00
0.72
0.00
0.00
-0.21
-0.30
-0.19
137
Polysaccharide	biosynthesis/export	protein	(N
s76)
-0.10
0.00
-0.28
-0.16
0.00
-0.14
-0.28
-0.19
138
porin	(N
sEr)
0.00
0.00
-0.34
-0.38
0.00
-0.32
-0.30
-0.19
139
ATP-dependent	DN
A	helicase	RecQ
	(N
sEt)
0.00
-0.31
-0.57
-0.53
0.00
0.00
-0.32
-0.20
140
hypothetical	protein	(N
s89)
0.28
0.00
-0.46
-0.67
0.00
0.00
-0.18
-0.20
141
Phosphoenolpyruvate	synthase	(N
s76)
0.17
0.00
0.92
0.88
0.00
0.20
0.00
-0.21
142
Phosphoribosylform
ylglycinam
idine	synthase	(N
s76)
0.00
0.00
0.00
0.35
0.00
0.00
-0.26
-0.22
143
m
olecular	chaperone	DnaK	(N
bN
)
0.00
-0.26
-0.48
-0.53
0.00
-0.25
-0.27
-0.22
144
hypothetical	protein	(N
s85)
0.00
0.22
-0.20
-0.27
0.00
0.00
-0.22
-0.24
145
Zinc	D-Ala-D-Ala	carboxypeptidase	(N
s99)
0.00
0.00
0.00
0.00
-0.18
-0.31
-0.38
-0.24
146
2-C-m
ethyl-D-erythritol	2,4-cyclodiphosphate	synthase	
(N
s76)
0.00
0.00
-0.13
0.00
0.00
-0.20
-0.26
-0.24
147
Putative	M
etA-pathw
ay	of	phenol	degradation	(N
s99)
0.00
0.00
-0.40
0.00
-0.16
-0.23
-0.19
-0.26
148
hypothetical	protein	(N
s76)
0.00
0.00
-0.47
-0.67
-0.25
-0.27
1.37
-0.26
149
O
uter	m
em
brane	porin	protein	(N
s99)
0.00
0.00
-0.58
-0.63
-0.15
-0.18
-0.27
-0.28
150
Bifunctional	purine	biosynthesis	protein	PurH	(N
s76)
0.00
0.00
0.33
0.00
0.00
0.00
0.00
-0.28
151
chain	A,	red	copper	protein	nitrosocyanin	(N
sEt)
0.00
0.00
-0.23
0.33
0.00
0.00
0.00
-0.29
152
Bacterioferritin	(N
s82)
0.00
0.00
0.20
0.00
0.00
-0.34
-0.50
-0.29
153
2-im
inobutanoate/2-im
inopropanoate	deam
inase	(N
s99)
0.00
0.00
-0.21
0.50
0.00
-0.20
-0.28
-0.30
154
O
uter	m
em
brane	protein	beta-barrel	dom
ain	protein	
(N
b95)
0.00
0.37
0.00
0.49
-0.25
-0.24
-0.10
-0.31
155
U
biquinol-cytochrom
e	c	reductase	iron-sulfur	subunit	
(N
s99)
0.00
-0.42
0.00
-0.52
0.45
0.00
0.00
-0.31
156
Acyl-coenzym
e	A	dehydrogenase	(N
s99)
0.00
0.00
-0.38
-0.26
0.00
0.00
0.00
-0.31
157
N
AD(P)	transhydrogenase	subunit	alpha	part	1	(N
s99)
0.19
0.20
0.91
0.45
0.00
0.20
-0.43
-0.32
158
30S	ribosom
al	protein	S1	(N
s99)
0.00
0.00
0.00
0.90
-0.19
-0.40
-0.36
-0.32
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159
Aspartate	am
inotransferase	(N
s76)
0.00
0.00
0.00
-0.42
-0.19
-0.26
-0.37
-0.33
160
am
m
onia	m
onooxygenase	(N
sC)
1.45
0.00
1.46
0.00
0.00
0.00
0.00
-0.34
161
N
ADH-quinone	oxidoreductase	subunit	D	(N
s99)
0.24
0.00
0.00
0.28
0.00
-0.16
0.25
-0.36
162
hypothetical	protein	(N
s82)
0.00
0.00
0.00
-0.27
0.00
-0.32
-0.34
-0.36
163
Succinyl-CoA	ligase	[ADP-form
ing]	subunit	beta	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
-0.37
164
O
uter-m
em
brane	lipoprotein	carrier	protein	(N
s99)
0.40
0.24
0.24
0.00
-0.25
-0.20
-0.24
-0.37
165
PEP-CTERM
	m
otif	protein	(N
s76)
-0.28
-0.36
-0.97
-1.05
0.09
-0.11
-0.35
-0.37
166
Tim
44-like	dom
ain	protein	(N
s99)
0.00
0.00
-0.49
-0.44
0.00
0.00
-0.23
-0.37
167
PEP-CTERM
	m
otif	protein	(N
s76)
0.00
-0.38
-0.82
-0.98
0.00
-0.27
-0.46
-0.42
168
hypothetical	protein	(N
s76)
0.00
-0.23
-0.69
-0.50
0.14
-0.32
-0.49
-0.43
169
Phosphom
annom
utase/phosphoglucom
utase	(N
s76)
0.00
0.00
1.22
0.83
-0.64
-0.53
0.00
-0.43
170
nitrous-oxide	reductase/N
itrosocyanin	(N
CBI)	(N
s76)
0.00
0.00
0.00
0.00
0.00
-0.41
-0.38
-0.44
171
O
uter	m
em
brane	protein	beta-barrel	dom
ain	protein	
(N
s99)
0.25
0.00
-0.29
-0.42
0.00
-0.21
-0.43
-0.45
172
Acetylornithine	am
inotransferase	(N
s99)
0.00
0.00
-0.52
0.47
0.00
0.00
-0.55
-0.47
173
hypothetical	protein	(N
s85)
-0.40
0.00
-0.44
-0.98
0.00
0.00
-0.50
-0.47
174
Polysaccharide	biosynthesis/export	protein	(N
s99)
0.00
0.00
-0.30
-0.31
-0.28
-0.43
-0.44
-0.48
175
Serine	protease	AprX	(N
s76)
0.00
0.00
0.00
0.36
0.50
0.00
0.00
-0.50
176
aspartate	kinase	(N
sEt)
0.23
0.00
0.64
0.52
0.00
-0.50
-0.54
-0.51
177
Cellulose	synthase	operon	protein	C	(N
s99)
0.00
0.00
0.00
0.00
0.00
-0.51
-0.65
-0.51
178
O
-succinylhom
oserine	sulfhydrylase	(N
s99)
0.00
-0.71
-0.75
-0.48
0.00
0.00
-0.56
-0.51
179
Aspartyl/glutam
yl-tRN
A(Asn/Gln)	am
idotransferase	
subunit	B	(N
s76)
0.00
-0.35
-0.39
-0.36
-0.64
-0.65
-0.42
-0.53
180
Rhodocoxin	reductase	(N
s76)
0.00
0.00
0.00
0.42
0.00
0.00
-0.50
-0.54
181
hypothetical	protein	(N
s99)
0.00
-0.28
-1.10
-1.29
0.00
-0.27
-0.64
-0.54
182
O
uter	m
em
brane	protein	A	(N
s99)
0.20
-0.17
0.00
-0.38
0.00
-0.56
-0.65
-0.57
183
Cytochrom
e	c6	(N
s76)
0.00
0.00
-0.52
-0.45
0.53
0.00
0.00
-0.59
184
Inner	m
em
brane	protein	YebE	(N
s85)
0.00
0.00
0.00
0.00
-0.76
-0.45
0.65
-0.60
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185
hypothetical	protein	(N
s99)
0.00
-0.28
-0.64
-0.51
0.00
-0.59
-0.71
-0.61
186
Threonine	synthase	(N
s76)
0.00
-0.38
0.00
0.00
0.00
-0.36
-0.68
-0.61
187
hypothetical	protein	(N
s76)
0.00
0.00
0.00
0.00
-0.85
0.00
-0.88
-0.62
188
Cytochrom
e	c-554	(N
s99)
0.00
0.00
0.15
0.00
-0.26
-0.79
-0.93
-0.67
189
Peptidase	propeptide	and	YPEB	dom
ain	protein	(N
s76)
-0.22
0.00
-0.44
-0.40
-0.47
-0.93
-0.72
-0.68
190
hypothetical	protein	(N
sEr)
0.35
0.00
0.00
0.00
-0.58
0.00
-0.98
-0.69
191
Serine	hydroxym
ethyltransferase	(N
s99)
0.00
0.00
0.62
0.60
0.00
0.26
-0.40
-0.73
192
Superoxide	dism
utase	[Fe]	(N
s82)
0.00
0.00
-0.27
0.00
-1.19
0.00
0.00
-0.82
193
2,3,4,5-tetrahydropyridine-2,6-dicarboxylate	N
-
succinyltransferase	(N
s99)
-1.24
-0.25
-1.63
-1.32
0.00
-0.61
-0.81
-0.83
194
M
etalloprotease	Pm
bA	(N
s76)
0.00
0.33
0.51
0.63
0.00
0.00
0.00
-0.85
195
DN
A	polym
erase	III	subunit	beta	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
-0.91
-0.94
196
Alkyl	hydroperoxide	reductase	subunit	C	(N
s99)
0.00
0.00
-0.32
0.30
0.19
-0.82
-1.06
-0.98
197
N
ucleoside	diphosphate	kinase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.86
0.00
-1.01
198
Cytochrom
e	c-type	protein	TorC	(N
s99)
0.00
0.00
-1.23
-0.54
-0.25
0.00
0.00
-1.02
199
YciI-like	protein	(N
s76)
0.00
0.00
0.87
0.00
-1.21
-0.58
-0.96
-1.20
200
Lon	protease	2	(N
s99)
0.15
-0.40
-0.35
0.00
0.00
-1.27
-1.33
-1.24
201
Succinyl-CoA	ligase	[ADP-form
ing]	subunit	beta	(N
s85)
0.00
0.00
0.00
0.00
0.00
-1.20
0.00
-1.39
202
putative	binding	protein	com
ponent	of	ABC	iron	
transporter	(N
s85)
0.00
0.00
0.00
0.00
0.00
0.00
-1.19
-1.40
203
hypothetical	protein	(N
s99)
0.00
-0.70
0.00
0.00
0.40
-1.19
-1.57
-1.57
204
Diam
inopim
elate	decarboxylase	(N
s76)
0.32
-0.83
0.00
-1.07
0.00
-0.96
-1.65
-1.65
205
Cytochrom
e	c2	(N
b95)
0.00
-1.49
0.00
-1.30
-1.85
-1.62
0.00
-1.86
206
Cytochrom
e	c	oxidase	subunit	2	(N
s89)
2.47
1.45
2.38
2.43
0.00
0.00
0.00
0.00
207
DN
A-directed	RN
A	polym
erase	subunit	beta	(N
s99)
2.47
0.65
0.00
1.01
0.00
0.00
0.00
0.00
208
N
ADH-quinone	oxidoreductase	subunit	2	(N
s99)
1.13
0.00
-0.22
-0.27
0.00
0.00
0.00
0.00
209
RN
A-binding	protein	Hfq	(N
s99)
1.05
0.00
0.00
0.00
0.00
2.52
0.00
0.00
210
acyl-CoA	dehydrogenase	(N
sEr)
0.93
0.97
0.22
0.00
0.83
0.00
0.00
0.00
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211
GTP-binding	protein	TypA	(N
sA)
0.83
0.00
0.58
0.00
0.00
0.00
0.00
0.00
212
hypothetical	protein	(N
s99)
0.78
0.42
0.00
0.39
0.00
0.00
-1.20
0.00
213
Peptidyl-prolyl	cis-trans	isom
erase	A	(N
s76)
0.71
0.00
0.00
0.57
0.18
0.07
0.00
0.00
214
Fum
arate	hydratase	class	II	(N
s76)
0.59
0.49
0.00
0.00
0.00
0.00
0.00
0.00
215
Adenosine	kinase	(N
s99)
0.50
0.00
0.00
0.00
0.00
0.00
0.00
0.00
216
Beta-lactam
ase	hydrolase-like	protein	(N
s76)
0.39
0.00
-1.40
0.00
0.00
0.00
0.00
0.00
217
Im
idazole	glycerol	phosphate	synthase	subunit	HisF	(N
s76)
0.39
0.15
0.17
0.32
0.00
0.00
0.00
0.00
218
3-isopropylm
alate	dehydrogenase	(N
s76)
0.39
0.00
0.00
-0.32
0.00
0.00
0.00
0.00
219
Enolase	(N
s99)
0.38
-0.28
0.00
0.77
0.00
0.00
0.00
0.00
220
Carboxy-term
inal	processing	protease	CtpB	(N
s99)
0.37
0.00
0.52
0.66
0.00
0.00
0.00
0.00
221
Putative	phosphoribosyl	transferase	(N
s99)
0.35
-0.14
0.14
0.48
0.34
0.21
0.23
0.00
222
hypothetical	protein	(N
s99)
0.34
0.27
0.53
0.41
0.00
-0.21
-0.16
0.00
223
Chaperone	protein	DnaK	(N
s76)
0.33
0.18
0.23
0.42
0.00
-0.25
0.00
0.00
224
Carbam
oyl-phosphate	synthase	large	chain	(N
s76)
0.33
0.00
0.00
-0.24
0.00
0.00
0.00
0.00
225
M
ethionine--tRN
A	ligase	(N
s99)
0.31
0.00
0.00
0.00
0.00
0.11
0.00
0.00
226
Alanine-zipper,	m
ajor	outer	m
em
brane	lipoprotein	(N
s85)
0.31
0.00
0.00
-0.40
0.00
0.00
-0.16
0.00
227
Arginine	biosynthesis	bifunctional	protein	ArgJ	(N
s76)
0.30
0.23
0.84
0.00
0.00
0.00
0.00
0.00
228
Lon	protease	(N
s99)
0.30
0.23
0.00
0.37
0.00
0.00
0.00
0.00
229
Peptide	m
ethionine	sulfoxide	reductase	M
srA	(N
s76)
0.29
0.67
0.31
0.44
0.00
-0.50
0.00
0.00
230
Elongation	factor	P	(N
s76)
0.29
0.22
0.36
-0.16
0.00
-0.18
0.00
0.00
231
50S	ribosom
al	protein	L1	(N
s99)
0.29
0.14
0.00
0.00
0.00
-0.21
-0.18
0.00
232
Pyrophosphate--fructose	6-phosphate	1-
phosphotransferase	(N
s76)
0.28
0.00
0.37
0.69
0.00
0.00
0.00
0.00
233
Flagellin	(N
s99)
0.25
0.00
0.82
0.69
0.00
0.00
0.00
0.00
234
O
uter	m
em
brane	protein	assem
bly	factor	Bam
A	(N
s99)
0.25
0.08
-0.08
-0.26
0.12
0.08
0.00
0.00
235
DN
A-directed	RN
A	polym
erase	subunit	beta	(N
s99)
0.25
0.54
0.64
0.26
0.71
0.58
0.58
0.00
236
O
uter	m
em
brane	protein	TolC	(N
s99)
0.25
0.00
0.00
0.00
0.00
0.00
0.00
0.00
237
transcriptional	regulator	(N
sA)
0.23
0.31
0.00
0.69
0.00
-0.55
-0.92
0.00
238
Elongation	factor	Ts	(N
s76)
0.23
0.00
0.00
0.48
0.00
0.00
0.00
0.00
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239
hypothetical	protein	(N
s99)
0.22
0.00
0.00
0.55
0.14
0.00
0.00
0.00
240
U
roporphyrinogen	decarboxylase	(N
s76)
0.21
0.00
0.37
-0.54
0.00
0.13
0.00
0.00
241
O
uter	m
em
brane	protein	O
prM
	(N
s99)
0.21
0.00
-0.22
-0.40
0.00
0.00
0.00
0.00
242
FK506-binding	protein	(N
s76)
0.20
0.00
0.34
1.11
0.08
0.00
-0.17
0.00
243
Succinyl-CoA	ligase	[ADP-form
ing]	subunit	beta	(N
s76)
0.19
0.32
1.98
0.77
0.00
0.00
0.00
0.00
244
preprotein	translocase	subunit	YajC	(N
s76)
0.17
0.00
-0.55
-0.39
0.00
0.00
-0.11
0.00
245
Glucose-1-phosphate	adenylyltransferase	(N
s99)
0.17
0.00
0.48
0.68
0.00
0.00
0.00
0.00
246
Enoyl-[acyl-carrier-protein]	reductase	[N
ADH]	FabI	(N
s99)
0.16
0.00
-0.21
0.00
0.00
-0.13
-0.13
0.00
247
Acyl	carrier	protein	(N
s76)
0.13
0.00
-0.25
0.00
-0.06
0.08
-0.14
0.00
248
Transaldolase	(N
s89)
-0.13
-0.16
0.33
-0.11
0.00
0.00
0.00
0.00
249
Cytochrom
e	c	oxidase	subunit	2	(N
s76)
-0.19
-0.22
-0.67
-0.54
0.00
0.00
0.00
0.00
250
am
m
onia	m
onooxygenase	(N
sEt)
-0.30
-0.31
0.00
0.00
-0.26
-0.12
0.00
0.00
251
Aerobic	cobaltochelatase	subunit	CobN
	(N
s99)
-0.33
-0.24
0.00
0.00
0.00
0.24
0.00
0.00
252
Glyceraldehyde-3-phosphate	dehydrogenase	A	(N
s76)
-0.43
-0.58
-0.86
-0.56
0.00
0.00
0.00
0.00
253
putative	TonB-dependent	receptor	(N
s76)
-0.52
0.00
-0.43
-0.32
0.00
0.00
0.00
0.00
254
putative	TonB-dependent	receptor	BfrD	(N
s76)
-0.63
0.00
0.00
0.19
0.00
0.36
0.20
0.00
255
3-isopropylm
alate	dehydrogenase	(N
sC)
-1.01
0.00
0.00
-0.92
0.00
-1.08
0.00
0.00
256
hypothetical	protein	(N
s76)
0.00
1.68
0.94
1.91
0.00
0.52
0.00
0.00
257
U
biquinone	biosynthesis	O
-m
ethyltransferase	(N
s76)
0.00
1.24
0.00
0.00
0.00
0.00
0.00
0.00
258
Vitam
in	B12	transporter	BtuB	(N
s85)
0.00
0.71
0.00
0.00
0.36
0.00
0.87
0.00
259
Phosphoribosylam
ine--glycine	ligase	(N
s99)
0.00
0.61
0.00
0.00
0.00
0.00
0.00
0.00
260
outer	m
em
brane	protein	assem
bly	factor	Bam
A		(N
bW
)
0.00
0.59
0.55
0.27
0.00
0.00
0.00
0.00
261
Putative	peptidoglycan	binding	dom
ain-containing	protein	
(N
s82)
0.00
0.58
0.81
0.00
0.00
0.00
0.00
0.00
262
flagellin	(N
b88)
0.00
0.51
0.00
0.00
0.00
0.73
0.39
0.00
263
Argininosuccinate	synthase	(N
s76)
0.00
0.51
0.00
0.54
1.49
0.00
0.00
0.00
264
Protein-export	protein	SecB	(N
s76)
0.00
0.45
-0.48
0.00
0.00
0.00
0.00
0.00
265
Protein-export	protein	SecB	(N
s82)
0.00
0.39
0.42
0.00
0.00
0.00
0.00
0.00
266
Ketol-acid	reductoisom
erase	(N
s76)
0.00
0.35
0.32
0.00
-0.17
0.12
0.30
0.00
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267
Regulator	of	nucleoside	diphosphate	kinase	(N
s76)
0.00
0.35
0.90
0.00
0.00
0.00
0.00
0.00
268
Secretory	im
m
unoglobulin	A-binding	protein	EsiB	(N
s76)
0.00
0.35
0.29
0.23
0.00
0.00
0.00
0.00
269
2-oxoglutarate	dehydrogenase	E1	com
ponent	(N
s99)
0.00
0.34
0.52
0.40
0.00
0.62
0.37
0.00
270
Acetolactate	synthase	isozym
e	3	large	subunit	(N
s76)
0.00
0.32
0.76
0.38
0.00
0.92
0.00
0.00
271
Glycogen	phosphorylase	(N
s76)
0.00
0.31
0.18
0.79
0.00
0.00
0.00
0.00
272
Ferredoxin	1	(N
s76)
0.00
0.29
0.00
0.41
0.00
0.00
0.00
0.00
273
putative	parvulin-type	peptidyl-prolyl	cis-trans	isom
erase	
(N
s76)
0.00
0.22
0.37
1.13
0.00
-0.17
-0.16
0.00
274
putative	zinc	protease	(N
s99)
0.00
0.18
0.81
0.94
0.00
0.00
0.14
0.00
275
red	copper	protein	nitrosocyanin	subunit	A	(N
sEr)
0.00
-0.22
0.14
0.00
0.00
0.00
0.00
0.00
276
N
ADH-quinone	oxidoreductase	chain	5	(N
s99)
0.00
-0.24
0.51
0.60
0.00
0.00
0.00
0.00
277
Triosephosphate	isom
erase	(N
s99)
0.00
-0.25
0.00
0.00
0.00
0.00
0.00
0.00
278
translation	initiation	factor	IF-2	(N
sEt)
0.00
-0.29
0.00
1.79
0.00
0.00
0.00
0.00
279
Porin	O
m
p2b	(N
b88)
0.00
-0.34
-0.46
-0.40
0.00
-0.22
0.00
0.00
280
O
rnithine	carbam
oyltransferase	(N
s99)
0.00
-0.35
-0.23
-0.40
0.46
0.00
0.00
0.00
281
Succinate	dehydrogenase	iron-sulfur	subunit	(N
s76)
0.00
-0.39
-0.18
-0.25
0.00
0.00
0.00
0.00
282
Respiratory	nitrate	reductase	2	beta	chain	(N
b88)
0.00
-0.41
0.00
0.48
0.00
-0.25
-0.19
0.00
283
Pyruvate	dehydrogenase	E1	com
ponent	(N
s76)
0.00
-0.68
0.00
0.56
0.00
0.00
0.00
0.00
284
Putative	lipoprotein	LppC	(N
s76)
0.00
0.00
1.99
2.03
0.00
0.00
0.00
0.00
285
Fim
brial	protein	(N
s76)
0.00
0.00
0.99
-0.38
0.00
0.00
0.00
0.00
286
Fructose-bisphosphate	aldolase	class	2	(N
s76)
0.00
0.00
0.98
0.78
0.00
0.00
-0.28
0.00
287
putative	glycine	dehydrogenase	(decarboxylating)	subunit	
1	(N
s99)
0.00
0.00
0.82
0.00
0.00
0.00
0.00
0.00
288
hypothetical	protein	(N
s76)
0.00
0.00
0.73
0.00
0.00
0.00
0.00
0.00
289
Thiol:disulfide	interchange	protein	DsbA	(N
s76)
0.00
0.00
0.67
1.11
0.00
0.00
-0.14
0.00
290
hypothetical	protein	(N
s99)
0.00
0.00
0.64
0.60
0.00
0.48
0.00
0.00
291
Peptidyl-prolyl	cis-trans	isom
erase	cyp18	(N
s99)
0.00
0.00
0.55
0.00
0.00
0.24
0.00
0.00
292
O
xygen-dependent	coproporphyrinogen-III	oxidase	(N
s76)
0.00
0.00
0.54
-0.42
0.00
0.00
0.00
0.00
293
Citrate	synthase	(N
s76)
0.00
0.00
0.51
1.05
0.00
0.17
0.00
0.00
294
glycine	dehydrogenase	(decarboxylating)	(N
sEt)
0.00
0.00
0.51
0.00
0.00
0.00
-0.40
0.00
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295
cytochrom
e	P460	(N
sA)
0.00
0.00
0.50
0.41
0.00
0.00
0.00
0.00
296
M
odulator	of	FtsH	protease	HflC	(N
s76)
0.00
0.00
0.49
0.60
0.00
0.00
0.40
0.00
297
Phosphate-binding	protein	PstS	(N
s99)
0.00
0.00
0.49
0.00
0.59
0.00
0.00
0.00
298
3-hydroxylam
inophenol	m
utase	(N
s76)
0.00
0.00
0.47
0.00
0.00
0.21
0.00
0.00
299
Periplasm
ic	pH-dependent	serine	endoprotease	DegQ
	
(N
s76)
0.00
0.00
0.42
0.26
0.00
0.00
0.00
0.00
300
rubrerythrin	(N
sA)
0.00
0.00
0.33
0.51
0.00
0.00
0.00
0.00
301
Phosphoglycerate	kinase	(N
s99)
0.00
0.00
0.32
0.38
0.00
0.37
0.00
0.00
302
Succinyl-CoA	ligase	[ADP-form
ing]	subunit	alpha	(N
s76)
0.00
0.00
0.29
0.00
0.00
0.00
0.00
0.00
303
Peptidyl-prolyl	cis-trans	isom
erase	D	(N
s76)
0.00
0.00
0.29
0.00
0.00
-0.16
0.00
0.00
304
hypothetical	protein	(N
s99)
0.00
0.00
0.23
0.38
0.00
0.00
-0.12
0.00
305
Dihydrolipoyl	dehydrogenase	(N
s76)
0.00
0.00
0.21
0.00
0.00
0.00
0.00
0.00
306
Potassium
-transporting	ATPase	ATP-binding	subunit	(N
s99)
0.00
0.00
-0.18
-0.24
0.00
0.00
-0.21
0.00
307
Delta-am
inolevulinic	acid	dehydratase	(N
s76)
0.00
0.00
-0.20
0.00
0.00
0.00
0.00
0.00
308
1,4-dihydroxy-2-naphthoyl-CoA	hydrolase	(N
s76)
0.00
0.00
-0.22
-0.22
0.00
0.00
-0.15
0.00
309
O
uter	m
em
brane	protein	beta-barrel	dom
ain	protein	
(N
b95)
0.00
0.00
-0.28
-0.61
0.00
0.00
0.00
0.00
310
1-(5-phosphoribosyl)-5-[(5-
phosphoribosylam
ino)m
ethylideneam
ino]	im
idazole-4-
carboxam
ide	isom
erase	(N
s76)
0.00
0.00
-0.29
0.00
0.00
0.00
-0.17
0.00
311
10	kDa	chaperonin	(N
s76)
0.00
0.00
-0.32
0.65
-0.28
-0.35
0.00
0.00
312
Dihydrolipoyllysine-residue	succinyltransferase	com
ponent	
of	2-oxoglutarate	dehydrogenase	com
plex	(N
s76)
0.00
0.00
-0.32
0.31
0.00
0.00
-0.16
0.00
313
O
uter	m
em
brane	porin	protein	(N
s82)
0.00
0.00
-0.34
-0.41
0.00
0.00
-0.23
0.00
314
hypothetical	protein	(N
sEr)
0.00
0.00
-0.37
0.00
0.00
0.00
-0.17
0.00
315
2,3-bisphosphoglycerate-dependent	phosphoglycerate	
m
utase	(N
s99)
0.00
0.00
-0.39
-0.41
-0.84
0.00
-1.22
0.00
316
Transaldolase	(N
s99)
0.00
0.00
-0.43
-0.38
0.00
0.00
0.00
0.00
317
Thiol:disulfide	interchange	protein	DsbE	(N
s76)
0.00
0.00
-0.46
-0.25
0.21
0.00
0.00
0.00
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318
Protease	HtpX	(N
s99)
0.00
0.00
-0.48
-0.52
0.00
0.00
0.00
0.00
319
Cytochrom
e	c4	(N
s76)
0.00
0.00
-0.54
0.00
0.00
0.00
0.00
0.00
320
putative	thiol:disulfide	interchange	protein	DsbC	(N
s76)
0.00
0.00
-0.56
-0.26
0.00
0.00
0.00
0.00
321
Vitam
in	B12	transporter	BtuB	(N
s99)
0.00
0.00
-0.57
-0.38
0.00
0.00
0.00
0.00
322
hypothetical	protein	(N
sEr)
0.00
0.00
-0.57
-0.57
0.00
0.00
0.26
0.00
323
Glutam
ate	synthase	[N
ADPH]	sm
all	chain	(N
s99)
0.00
0.00
-0.61
-0.60
0.00
0.00
0.00
0.00
324
Cytochrom
e	b/c1	(N
s99)
0.00
0.00
-0.65
0.00
0.00
0.00
0.00
0.00
325
Cysteine	desulfurase	SufS	(N
s99)
0.00
0.00
-0.81
-0.94
0.00
0.00
0.00
0.00
326
M
etal-binding	protein	Sm
bP	(N
s99)
0.00
0.00
-0.97
0.00
0.00
0.00
0.00
0.00
327
Carbonic	anhydrase	(N
s99)
0.00
0.00
-1.59
-1.76
0.00
0.00
-1.22
0.00
328
N
icotinate-nucleotide	pyrophosphorylase	[carboxylating]	
(N
s76)
0.00
0.00
-2.01
0.00
0.00
0.00
0.00
0.00
329
m
olecular	chaperone	DnaK	(N
sCr)
0.00
0.00
-2.21
0.00
0.00
0.00
0.00
0.00
330
M
etal-binding	protein	Sm
bP	(N
s85)
0.00
0.00
0.00
9.05
0.00
0.00
0.00
0.00
331
Porphobilinogen	deam
inase	(N
s76)
0.00
0.00
0.00
1.78
0.00
0.00
0.00
0.00
332
Cytochrom
e	c-550	(N
b83)
0.00
0.00
0.00
1.70
0.00
-0.30
0.00
0.00
333
Alginate	export	(N
s82)
0.00
0.00
0.00
0.82
0.00
0.00
0.00
0.00
334
putative	TonB-dependent	receptor	BfrD	(N
s85)
0.00
0.00
0.00
0.72
0.00
0.00
0.00
0.00
335
m
olecular	chaperone	GroEL	(N
sA)
0.00
0.00
0.00
0.60
0.00
0.00
0.00
0.00
336
Succinyl-diam
inopim
elate	desuccinylase	(N
s99)
0.00
0.00
0.00
0.53
0.00
0.00
0.00
0.00
337
M
ethionine	gam
m
a-lyase	(N
s76)
0.00
0.00
0.00
0.34
0.00
-0.10
0.00
0.00
338
Cytochrom
e	c-type	biogenesis	protein	Ccm
H	(N
s99)
0.00
0.00
0.00
0.33
0.26
0.00
0.00
0.00
339
hypothetical	protein	(N
s99)
0.00
0.00
0.00
0.33
0.00
0.00
0.00
0.00
340
translocation	protein	TolB	(N
s99)
0.00
0.00
0.00
-0.31
0.00
0.00
0.00
0.00
341
50S	ribosom
al	protein	L7/L12	(N
s99)
0.00
0.00
0.00
-0.89
0.00
0.00
0.00
0.00
342
Acid	stress	protein	IbaG	(N
s76)
0.00
0.00
0.00
0.00
-0.52
0.00
0.00
0.00
343
Alginate	export	(N
s99)
0.00
0.00
0.00
0.00
-1.61
1.27
1.51
0.00
344
Proline	im
inopeptidase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
-0.20
0.00
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345
GTP-binding	protein	TypA/BipA	(N
s76)
0.00
0.00
0.00
0.00
0.00
-0.31
-0.34
0.00
346
hydroxylam
ine	oxidoreductase	(N
sEr)
0.00
0.00
0.00
0.00
-0.24
0.00
-0.20
0.00
347
Glycine-zipper	containing	O
m
pA-like	m
em
brane	dom
ain	
protein	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
348
ATP	synthase	subunit	beta	(N
b83)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
349
putative	zinc	protease	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
-0.07
0.00
350
Acetolactate	synthase	isozym
e	3	sm
all	subunit	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
351
hypothetical	protein	(N
s82)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
352
HTH-type	transcriptional	regulator	IscR	(N
s85)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
353
Cytochrom
e	C	oxidase,	cbb3-type,	subunit	III	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
354
hypothetical	protein	(N
s99)
0.00
0.00
0.00
0.00
0.00
-0.22
-0.29
0.00
355
carbon	dioxide-concentrating	protein	Ccm
K	(N
bN
)
0.00
0.00
0.00
0.00
0.00
0.15
0.00
0.00
356
Histidine--tRN
A	ligase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
357
M
etalloprotease	TldD	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
358
O
uter	m
em
brane	protein	beta-barrel	dom
ain	protein	
(N
b83)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
359
Farnesyl	diphosphate	synthase	(N
s99)
0.00
0.00
0.00
0.00
1.50
0.00
0.00
0.00
360
Ribose-5-phosphate	isom
erase	A	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
-0.15
0.00
361
D-alanine	am
inotransferase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
362
	hypothetical	protein	(N
sEt)
0.00
0.00
0.00
0.00
0.62
1.05
0.00
0.00
363
Cytochrom
e	c551	peroxidase	(N
s82)
0.00
0.00
0.00
0.00
0.00
1.19
0.00
0.00
364
N
ADH-quinone	oxidoreductase	subunit	I	(N
s99)
0.00
0.00
0.00
0.00
0.00
-2.73
0.00
0.00
365
hypothetical	protein	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
0.32
0.00
366
Glutam
ate-1-sem
ialdehyde	2,1-am
inom
utase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
-0.10
0.00
367
Adenosylhom
ocysteinase	(N
s99)
0.00
0.00
0.00
0.00
0.00
0.00
-0.20
0.00
368
2-hydroxy-3-oxopropionate	reductase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
-0.29
0.00
369
3-dem
ethylubiquinone-9	3-m
ethyltransferase	(N
s76)
0.00
0.00
0.00
0.00
0.00
0.00
-0.31
0.00
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